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ANNOTATION

In the third issue of the handbook Phase Diagrams of
Silicate Systems, information is included on the phase relation-
& hips in systems containing silica and two other oxides,(for
example, At0., B2 Ozo MgO, CaO, BaO, Na:2 O, K20, .Ln O,
G'e0 2 , TiO2-. ij, P 2 0 5 , Cr 2O 3 , MnO, FeR, Fe20 3 , H2-,,
fluo#es'and others). The systems examined are the physico-
chemical basis for production of refractories, various types
of ceramics, glass, materials for radioelecironics, nuclear
engineering, etc. Not only are equilibrium :hase diagrams
presented in the handbook, but the phases existing in the sub-
solidus region, as well as under high pressure conditions, are
described. Some physical constants are given (optical prop-
erties, structural characteristics, etc.) of the major compounds
existing in the corresponding syste.ns.. About 200 systems over-
all are described kn the oook. Bibliography -1 087 titles. A-01
figures, 80 tables.
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FOREWOPD j
Modern technology requires more and more new materials b- I on

refractory oxides. Oxides which quite recently were considered to be ý.nly

objects of laboratory studies have acquired industrial importance. In recent

years, study has expanded considerably on systems which include the di-

oxides of germanium, titanium, zirconium and thorium, the oxides of vana-

dium, niobium an'd tantalum, molybdenum and tungsten and many others.

The result of all this has been that the number of 3-oxide systems studied

has increased considerably. While the number of 3-component silicate

systems is 55 in the handbook of D. S. Belyankin, V. V. Lapin and N. A.

- Toropov, Physicochemical Sytems in Silicate Technology (Moscow,

1954), about 200 systems are described in the edition offered. Two issues

have been published for ternary systems. The next, fourth issue will be de-

voted to 3-component nonsilicate systems.

o In the handbook, the principal attention is given to examination of equi-

librium phase diagrams: crystal-liquid equilibria, polymorphic conversions

and solid solations in the systems. As in the preceding issues, information

is given here on the properties of crystalline phases synthesized in the sys-

tems examined (crystal constants, X-ray paramncters).

In practice (in ceramic engineering, metallurgical processes', etc.),

the subsoidus region, the region of solid phase reactions, becomes of great

importance. In, the handbook, besides information on low-temperature syn-

- i• thesis, phase coexistence triangles are presented (also called compatibility

triangles or elementary triangles in the literature), characte.-izi•ng the co-

existence of phases below the liquiduw. temperature.
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At the present time, more and more attention is being given to the

studies of phase conversions at high pressures. The work existing in this

O. field is reflected in the handbook.

There is no necessity for proving the importarce of the results of

studies of 3-component oxide systems for many branches of modern

technology. Compositions of various degrees of complexity are used in prac-

tice, but a base can usually be distinguished in these compositions, repre-

senting a three-component system, and the remaining oxides are additives,

as a matter of fact, which sometimes significantly affect the physical prop-

erties of the corresponding materials.

GI V.P. Barzakovskiy

•@-t
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EXPLANATIONS FOR THE THIRD ISSUE

In the handbook, together with the complete formulas of the chemical
compounds, abbreviations for them are used (if special stipulations are

nct made); in this case, the numerical coefficients are written in the form of

subscripts, for example N4B 2S5 or molecular ratios, 4:2:5 ( 4Na 2 0 2BaO.

5SiO2).

The temperature is given everywhere in degrees Centigrade, and ex-

ceptions are -ccompanied by the appropriate indications (for example,
0K10

The legends on the figures usually are abbreviated. The most frequently

used abbreviations are L -- liquid, ss -- solid solution.

The unit cell parameters of chemical compounds and solid solutions

are given in the same units of measurements which were used by the authors

of the corresponding literature sources. Such units are: A and kX.

1. A -- angstr~m -- 10-8 cm. I1•
2. kX -- kiloX- 100OX - 1.002063 ±. 0.000007 A; X is the X-ray

standard of wave length, determined by means of the Wolfe-Bragg formula,

on the basis of measurement of d(200) of rock salt.

!a'
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ALKALI SILICATE SYSTEMS

1,

O The system has been studied by Kracek [2]. He has plotted phase dia-

grams for the following partial systems: Na-0. Si - 0. SiO -- SiO

N20" S2 U- Li 2 O (F-g. 2), Na 2 0. 2SO2 -- U201 SiO2

(Fig. 3), Na2 0 2SiO2 -- Li2 0 2SiO2 (Fig. 4).

The solid solutions found Li the partial system Na 2 O0 SiO2 -- Li2 0

6'•• SiO)2 extend from pure Na 2SiO3 to the limiting composition, corresponding to

the formula NaLiSiO3 . This compound, which can be considered as a sodium-

lithium metasilicate actually is the final rnembir of a series of solid solutiorns

of the class Na 2 SiO 3 -- Na 2 Li 2 Si2 0 6 . Of course, there is no field for this

compound in the ternary diagram.

The fusibility diagram of the partial system Na 2 0. SiO2 -- Li2 0. SiO2 ,

from the data of Bergman and colleagues [1), is presented in Fig. 5. The

compound NaLiSiO3 (final member of the solid solutions) has the following

Ki) crystallographic characteristics: rhombic prisms with definite cleavage in

two directions; elongation is parallel to Y; 2V 0 is very large; refraction in

Na light: Ng 1. 571, Nm = 1. 557, Np = 1. 552.

-6-
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Fig. 2. Phase diagram of partial system

Na2  Si0 2 - - LiO*iO (from Kracek).

Key:

a. Weight lo
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Fig. 3. Phase diagram of partial system
Na2 0-2SiO2 -- Li2 0. SiO2 (from Kracek).

Key: a. Weight %T
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Fig. 4. Phrase diagram of partial system

Na20.2SiO2 -- Li 2 0" 2SiO2 (from Kracek).

Key: a. Saturated solid solution
b. Weight %
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Fig. 5. Fusibility diagram of partial
system Na 2 0. SiO 2 -- LU2 0" SiO 2 (from

Bergman and colleagues).

Key:

a. Mole %T

BIBLIOGRAPHY
1. Bergman, A.G., A. K. Nesterova, N.A. Bychkova, DAN SSSR 10__1,

No. 3, 483, 1955.

2. Kracek, F.C.,J.Amer. Chen.. Soc., 61, No. 8.. 2157; No. 10, 2363, 1930.

i Li 20 -- K 2O-+- 512

The system has been studied by Sheybany [2]. The existence of live

ternary compounds has been established: Li2 0. K20. 4SiO2 (1:1:4), Li 2 0.

2K 2 0. 6SiO2 (1:2:6), 2Li2 0* 5K20- 7Si0 2 (2:5:7), Li2 0* 5K 2 0" 7SiO2 (1:5:7)

and Li 2 0* 3K 2 0" 4SiO2 (1:3:4). A phase diagram, bounded by the triangle

2 22
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li 2
0 " SiO2 -- K2 0' SiO2 -- SiO2 , is presented ii, Fig. 6. Compound 1:2:6

exists in the form of 4 polymorphic modifications with regions of stability:

( from the melting temperature (8150) to 5000; F from 500 to 2500; " from

250 to 400; the 5 modification is stable below 400. Compouid 2:5:7 forms two

modifications, with a transition temperature of 3900.

It. 2 :10280

C)'

Li 2 0SO~~~ 2060 PROZiO

Fig. 6. Phase diigram of Li20 SiO --

K2 0" SiO2 -- SiO2 system (from Sheybany):

A. Li 2 0. K20. 4S,O2; B. Li 2 0' 2K 2 0- 6SiO 2 ;

C. 2Li 2 0"5K_0- 7SiO 2; D. Li2 0"5K20" 7SIO 2 ;

E. Li 2 0 3K 2 0.4SiO2.

Key:

a. Mole £-1

1 -11-
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Bergman and colleagues [1] visually studied crystallization of the binary

profile of Li2 SiO3 -- 2 SiO 3 (Fig. 7). Two ternary compounds were found

here: Li2 0- 3K 2 0- 4SiO2 and 3LiO2 " 2K 2 0" 5SiO2 . The latter compound was

not noted by Sheybany.

QVI

°9f00/

4,,

0 s as Xz s

0 Z5 5o 75 W

Fig. 7. Fusibility diagram
of partial system Li 2 -SiO 2 -S --K20" SiO2 (from Bergman and.

colleagues).

Key:

a. Mole %

BIBLIOGRAPHY

1. Bergman, A.G., A.K. Nesterova, N. A. Bychkova, DAN SSSt,, 101,
No. 3, 483, 1955.

2. Sheyban;0 H. A., Verres et refr., 2, No. 6, 368, 1948; 3, No. 1, 3, 1949.
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Na2 O K 120 -- Si0 2

Ki-acek [11 has studied the part of the system encompassing the region

C) located between potassium and sodium metasilicates and silica (Fig. 8-10).

Formation of ternary compounds within these limits was not detected. A low

mutual solubility of potassium and sodium disilicates (I(2Si 2 05 and Na 2 Si 2 O 5)

was estahlished.

/# / sod

,bsIo 2 Tý rrpa 30

ftm-TRudustfo f17

TW r578W9 60e-/7V MS $10

Fig. 8. Phas3e diagram uf Na 2 0 Q - - K i 2

j SiO2 system (from Kracek)

Key:

a. Solid solutions
b. Quartz
c. Tridymtte
d. Cristobalite

__ e. Weight 0/

UJ
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Fig. 9. Phase diagram of partial
system of Na 2 O0 SiO2 -- K2 0" SiO2

(from Kracek).

Key: a. Weigbt %

0 N 40 N w

'-- --A2YV_,

'a..-==-9.70

0 f c'4 30

Fig. 10. Phase diagram of partial

system Na 2 0- 2SiO2 -- K20" 2SiO2

(from Kracek).

Key: a. Weight %01

BIBLIOGRAPHY

1. KracekF.C,J.PhYS. Chem., 36. No. 8, 2529, 1932.
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CUPRT- SILICATE SYSTEMS

M90- CuO -- S0
Borchert and Kramxer [1] obtained solid solutions of the metasilicate

serie3 Mgi "usoj whr CuSiU3 is a hypothetical compound, by

the solid phase synthesis method (at 800-1050*).
2+. 2*

5016 of the Mg ions can be replaced by Cu ions and, therefore, the

solid solution formulas should be represented as (.4gCu)O. MgO 2SiC)9 . The

(formation of the solid soiutions examined takes place better in the presence

of Cu 0, but Cu* ions do not enter the lattice. Beginning at 800-8500, the

copper content in the solid solution decreases and, at 10750, practically

pure protoenstatite is obtained.

BIBLIOGRAPHY

1. Borchert, W., V. Kram6er, Neues Jahrb. Mineral. 1vonatshefte, No. 1,
6, 1969.
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MAGNS -S -CATE SYSTEMS

LiO- M90O-- S'02i
The system has been studied by Murthy and Hummel [11], in the region :

ing small amounts of lithium and magnesium cations, are promising for pro-

Sduction of crystal-ine glass materials, sitalls, from them. One ternary com-

; , ~pound Ui20. MgO" SiO2 has been found, which crystallizes with diffic-alty, ;;

•';r '" •: with irdiees of refraction Ng 1 . 599 and Np = .590. :•

/ J.

Fig 1 Ph s dig a o f partia

system Li2 SO3 -- Mg2-SiO4 (rm

T sMurthy and Hummel).

1 ~a. Weight

'C1 -,I- p

j ?'68



The Li+ SiO-Mg2 SiO 4 profile is presented in Fig. 11. Formation of

the ternary compound Li2 O4 MgO. Si 2 is visible here.

07
A 70

30 AviO 40~

( th trn ompunFig. 12. Phase diagram of partial system L

MgSiO4 -- Sic 2 (from Murthy and Hummel).

Key:

a. Cristobalite
b. Tridyrnite
c. Two liquids
d. Forsterite
e. Weight

A ternary diagram is shown in Fig. 12. The ternary compound field

is located predominately below the Li2 SiO3 -Mg 2 SiO 4 profile, and only a

small part of this field is above this profile, within the Li 2 SiO3 -MgSiO 3 -

Mg2 Si 4 triangle. The immiscibility region of the two liquids, characteristic

- 17 -
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of the MgO-SiO2 system, extends only insignificantly into the ternary system

in the Li20 direction.O2

INVARIANT POINTS OF Li2 O -- MgO -- SiO2 SYSTEM

hi Come" WmC.%
Toqxa Teun"-

(pile. 12) UpouwCC Tir

F Li.-SiO,+hg-S0i+SiO+ " 9m"- 13.7 10.6 75.7 930+10
+ =Atcl~o=f 4  Tuma

E Li2 SiO,+LiSi1 O.± 11 To meo 15.5 11.3 73.2 935+10
.-Mg;iO.-+ •,wo f'

D LviO,+%1gSiO3+ *Pa~n16.4 13.4 70.2 -,75±i0

C zisU 1 8a04 +La,0. 0 22.3 14.1 65.6 1070±~10.MLO.SiO,+Moc•

Key:

a. Points (Fig. 12) f. Liquid
b. Phases g. Eutectic
c. Process h. Same
d. Composition, weight % i. Reactions
e. Temperature, OC

i" BIBLIOGRAPHY r

1. Murthy, M.K., F.A. Hummel, Amer. Ceram. Soc., 38, No. 2, 55, 1955.

iNa
Na 20-- MgO-- SiO 2

The system has been studied by Botvinikin and Popova [1] and by

Manuylova [21, in the region adjacent to SiO2 (Fig. 13). The existence of the

following ternary compounds has been established: Na 2O0 MgO- 5iO2 , Na 2 O

2MgO. 2=I0 2 , Na2 0- 2MgO. 6SiO2 .

-18-
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Fig. 13. Phase diagram of Na 2 0 -- MgO -- SiO2

( --"system (from Botvinikin, Popova and Manuylova).

Key: a. Weight %7

Schreyer and Schairer [41 describe the compound Na2 O0 5MgO. 12SiO2 ,

of the osumilite type. Borchert and Petzenhauser [3] obtained this compound
in the pure form, by annealing a mixture of 2Na 2 CO3 + 5MgO -I- 12SiO2 at

1100°; upon annealing a mixture composed of Na 2 CO3 + 5MgO + 12SiO2 ,

together with the osumilite phase, a new hexagonal phase of unknown

stoichiometry was obtained.

-19-



TABLE I
RINVARIANT POINTS OF Na.2 0 MgO0 SiO2 SYSTEM

44 4D'13U buo= vey

SiO,+MfgO Si0,+Na~O 2AM:O .fSiO,+)ujxmncn S 11707
810O, +Na2O .2Mg .0OSIO,+Na,0 .2Sio,+,m,'ocii.ý 870IwtmA 740
Nn4).SiO INa O.2MgO06S~+a~.8~j t

40Na0 i,+N4,O .2MgO .OSi0S+NaO .gO .810,+ eft=Re&n 815

*6SiO2+3lUJwKom42&ltgo.SIO,+N.MgOd'SiO,+Na2O.2Mg6So. - 1200

Key:

a. Phases
b. Process( c. Itmperature "C
d. Liquid
e. DEitectic

TABLE UI. CRYSTALLINE PHASES OF NaO 0 Mg0 - i02 SYSTEM

~~ ~ b CaiUM NzM nnOun*Žc.Ift_______ Comn uzS4720 Ng NP. ZV - eu. ON 7Uj'ow-

K&0.9- 10p #G4c 1.59-3 - -IN%-Ug.S02fxttn-1 .654 1.64t 5hBoju~mOi Z

4aSO-2UgO6SiO02 S To we t.546 1.540 M + ZAc=240

Key: a. Compound e. Cubic
b. crystal system f. M onoclinic
c. Optical sign g. Sam e
d. Optical orientation h. Large

20E~ - (



BIBLIOGRAPHY

1. Botvirikin, 0. K., T. N. Popova, Trudy 2-go soveshch. po eksper.
mineralogii [Proceedings, 2d Conference on Experimental Mineralogy],
Moscow, 87, 1937.

2. Manuylova, N.S., Ibid., p. 97.

3. Borchert, W., I. Petzenhauser, Ber. Dtsch. keram. Ges., 43 No. 10,
572, 1966.

4. Schreyer, W., J.F. Schairer, Amer. Mineralogist, 47, No. 1, 90, 1962.

K20- M90- SiO2

The system has been studied by Roedder [2]. The formation of four

ternary chemizal compo rods has been established: K2 0 MgO SiO2 ,

(3) K2 0" 5MgO. 12SiO2 , K2 0" MgO-3SiO2 and K2 0 MgO. 5SiO2 . The general phase

diagram of the sytem, with isotherms and invariant points applied, is pre-

sented In Fig. 14. Binary partial systems are shown in Fig. 15. In this

case, the dashed lines characterize, not binary, but ternary equilibra in the

sections indicated. The partial binary system MgO" S -- "K20. 7SiO2 "'
is given in Fig. 16.

Borchert and Petzenhauser [1] obtained the compound K20- 5MgO.

12SiO2 , osumilite type, with unit cell parameters a0  10.22 ± 0.02,

Co= 14.25 + 0.02 A, by annealing an appropriate mixture of K2 CO3 . MgO

and SiO2 at 1130, for a period of six days. In this case, a new hexagonal

phase of unknown composition (phase KX) was obtained simultaneously.

Annealing at 12000 led to formation of only the KX phase.

-21-
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Key:

a. Weight 0/
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Fig. 15. Phase diagram of partial systems *"
related to the ternary system K0-- Mg90( ~SiO2 (from Roedder).

Key:j

a. Weight%1

-23-



77 j.

-w fI oi &P~

)44 -SF 124~
4,Y0 0 ,'A S;0

AtSe

Fi.1.Phs igamo atilsse

MgSO -"K0 SO"(fo ode)

Key:iu .(A

424

ik'A



TABLE I

INVARIANT POINTS 01' 120 -- Mg0- SiC)2 SYSTEM

-(P - . .4

W KO .MgO .5SiO,+)jnn- II1nanj~aeono 21.00 9.27 6%.07 1089 !-1

J.- KO.MfgO.3SiO2 +w1i- 6 29.93 12.81 57.24; 113S LI

Ill K 0 .fgO .Sio' (V)+ .. 48.91 20.22 30.87 1500

Q Tfplfu wul +K 20 .MfgO.- ODenTuK 15.5 6.7 77.8 1.87+5
* 5SiO2, +)~i corTL f

T C9-AMgO.Si0 2+K,O. Peas~uu 13.5 10.5 76;.o 117.;-2
*5MgO .12Si0 2+;1wi.
INOCTIA

v KaO-.NMgO5SiO 2 +K20. &8,Bmwma 20.0 10.7 69.3 1063+.'

Y K10 441g0*5SJ0 1 + a 20.5 11.8 67.7 1053+2

A' K,0OAMgO.5SiO,+K3O 24.8 10.7 G0A.5 W-:'0 t-5

DO K2O.) O.5SQ-j- 2 A. 2G.5 2.4 71.1 730 !--5

E' K20-1NM'W) 3SiO.44 2 0. 10 38.3 5.2 56.5 93:3 4-5

I' AfifMo 3SiO,+24tgO. v 29.5 13.5 57.0 1131. t1

LO S0iMO,--;ýijo.c1 # 41t.8 4.2 51.0 910

NO K2) 1 !O MOSiO. ('-I 601.1 1.7 31S.2 9'J5J

0' KO .gO .SiO. (?+- - - 1650

X20 K Ng O.S'o.S (? 33.0 14.0 5.0 11W1('20
+x-N gO.3Sio.-i

0 a.I "0 .SiO.- +TP;Ajk:WllT+ j PNaIUllnII, .6 8.8 79.6; 1 1jinS 2

*? Tp'twissrrlOK.0 5MgO - 4.3flTOKT1a $5.1 7.2 77.7 963+.3

Il Tpnxt~urv+I{2OMgo -md 24.5 2.0 73.5 715 i-l10
-bSi02--Ki1O.4Sj 2+

U 21).1fSiO2+'O.!! jpcii 16.4 11.5 79 -1 1 15+

MA fia+Wfo1?zz;'f~

Key: a. Points (Fig. 14) f. Liquid
b. Phases g. Tridymite
c. Process h. Melting
d. Composition, weight Jo i. Eutactic
e. Temperature, 0C j. Reactions

-25 -



TABLE I (continued)

(PRO. 1 1  M O S 0,-

X 2MgO.SiO2+Kg).5M~gO. O3imwma 20.2 H1.8 68.0 1042±5
*52SiO,+K20-Mgm+

Z 2WMg0 .8102+1(20 .M6gO - 2.i.9 12.0 64.1 1013+3

a* K20OAMgO.3Si0,+K 0. j Peammu 31.6 4.8 63.6 795+15
.MO5Si0,+K23O

C' K2O.MfgO.5SiO 2+K 0. aQuixux 30.0 2.5 67.5 6854.20
*2Si02+K20 .4Sid,+_

AV K,O.MgA.3Si0 1+Kq,0. 40.5 6.0 53.5 905±5 Z
*Mg0.SiO2(?)+KjO.

G* K20 .fg0:3Si0 3+K 0. * 33.0 15.0 52.0 1105+10

*SiO,+)1MA1OCm~f
K' K,04-1g0.Si0,(?)+ Po*KxpwJ 36.0 22.0 42.0 1350±50

+.'Mg0.S10 +MgO+

M' K20 4lgO .SiO2 (?)+ Wo3weImma 54.2 0.5 45.3 720
+S,O3+,niwOcmK*

( ~TABLE II. CRYSTALLINE PHASES OF K(20 -- MgO -- SiO2 SYSTEM

4'

caeJvusenxv hyv~ rasowc N9 Nra NP

K1 0.-MgO .SiO, (?) Oy~u'mccxaR Oupyrav~e sepuat t .54 -
K20.mgo.38i03  etroawaro- Illcmnyrobwue 5 1530 1.524

a-K&O .Mg0.558i08 K~y~twmcan KAyU U1 ozCT8Awmh - 1.501 -
P-K,0 .MgO .5SiO, D J~ozwn 't - I1.505 -
K10 .5MgO 4=02SO eronvo- Ta~neu'n. upin-. 1.5501 - 1.543

rE~buMn mu Nl. Wai)JgWJII

Kya.Compound Round grains
b. Crystal system g. 6- sided tablets '
c. Appearance h. Cubes and octahedra
d. Cubic i. Fibers
e. Hexagonal j. Tablets, prisms, pyramids.

-26 -



A-,y

BIBLIOGRAPHY

1.Borchert, W., L. Petzenhauser, Ber. Dtsch. keram. Ges., 4L3, No. 10,

2. Roedder, E.W., Amer. J. Sci., 249., No. 2, 81; No. 3, 224, 1951.

-27 -



CALCIUM SILICATE SYSTEMS

Li2 0 -- CaO -- SiO2

CL-rtain partial regions of this system have been studied. Schwarz and

Haacke [21 have studied the Li 4 SiO 4 -- Ca2 SiO4 profile. Bergman, Nesterova

and Bychkova [1] present some information of the fusibility of the Li 9 SiO 3 --

CaSiO3 profile. The latter system was studied as early as 1909 by Wallace

[3]. Schwarz and Haacke present a phase diagram of the 2Li20" SiO2 --

S 2CaO. SiO2 system, within up to 80 mole 16 of calcium orthosilicate (Fig. 17).

2Li2 0- SiO2 base solid solutions form in the system, with the 2CaO- Si

content reaching up to 20 mole 1/. With a higher calcium silicate content

solid solutions with maximum and minimun melting temperatures form.

Schwarz and Haacke think that, at low temperatures as a result of poly-

morphic conversions of the solid solutions, the ternary compound Li 2 0- CaO,

SiO2 forms. The density curve with this composition discloses a sharp max-

imum.

Using the visual-polythermal method, Bergman and colleagues came to

the conclusion that the CaSO3 -Li2SiO3 system forms a simple eutectic, with

a melting temperature of 1024* and a content of 45.5 mole 01 CaSiO3 ; accord-

ing to Wallace, 979* and 43.7 mole %CaSiO3 , respectively.28 3
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Na 2 0 -- CaO -- SiO2

The system has been studied by Morey and Bowen [6] and Segnit [8].

The major crystalline phases of the system are: devitrite (Na 2 O. 3CaO-

6SiO2 ), wollastonite and cristobalite. They are found in the composition of

the "rocks" of crystallized ("devit-if ed") t'chnical glass.

A phase dir'gram of this sysatem, from the data of Morey and Bowen, is

preserted in Fig. 14,. A part of the diagram of irnportance for glass technology

is presented in Fig. 19. Partial profiles of Na 2 0- SiO2 -- CaO" SiO 2 and

Na 2O" 2SiO2 -- Na 2 0. 2CaO- 3SiO2 are presented in Figs. 20 and 21. Morey

and Bowen found four ternary compounds: Na 2 0* 3CaO. 6SiO2 (devitrite),

'' Na0- 2CaO- 3SiO2 , 2Na2O. CaO" 3Si and Na2 0. CaO" SiO2 .

at CS

3s r

A'CS s1OaS. 4L4

150 CO 70 90 tog
O2StL1 %I Sig~

Fig. 18. Phase diagram of Na 2 0 -- C -0 SiO 2 system; region
enriched in silica (from Morey and Bowen).

Key: a. Cristobalite d. Tiartz
b. Two Liquids e. eight%
"c. Tridymite
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0
' i /

to A0 2013C.O'6$#11 ' A

Fig. 19. Phase diagram of .

* ~ A

part of Na20 -- CaO -- SS02

ternary system, of importance
for glass technology (from Morey):

( Amount of Na 2 O (weight %) is ob-

tained by subtraction from 100% ofthe total amount of CaO and SiO..

Key:

a. Cristobalite
b. Tridymite
c. Quartz
d. Weight %7

-31-

ellz



0
Ot

14C0CS,

0 0m *hSC* A 114

0 20 /O W i 6
C.~4 AVZS3  AN Z JSSI

Fig. 20. Phase diagram of partial system NaOT.
Si•O2 - - Cac0. SicO2 (from Morey and Bowen).

Key:

a. Weight %

WWI

aL

Fig. 21. Phase diagram of partial system Na2 0
2 Sic) 2 - - Na2 0. 2CaO- 3Sic)2 (from Morey and Bowen).

Key:

a. Weight 0/6
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Toropov and Arakelyan [21 have described two compounds, 2Na 2 0.

8CaO. 5SiO and 2Na20" 4CaO. 3SiO2, which, as was demonstrated eventually,
2 22

are solid solutions of alkali silicates in calcium orthosilicate.

80 C'aO

v SiO,

c o

aaoCC'S

80 (Az

?,OSIO, 2C.Se % I2ot

SiO2 system: Primary phase fields and liquidus!
isotherms (from SegnitU: N, Na2S; C, CaO; S,Fig.22. Phs iga fN a

~~iO22

Key:

a. Two liquids
b. Quartz
c. Weight %

0
Segnit, [8] has studied the richer CaO and Na 2 0 (Fig. 22) part of the

system, and he has obtained the new compounds 4Na 2 0. 3CaO. 5SiO2 and
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Na 0. 2CaO- 2SiO2. He has shown that Na 0 forms solid solutions with
2 2 L

dicalcium silicate. The invariant points of the system are presented in

Tables 1 and 2 and the optical properties of the compounds obtained by Morey

and Bowen, in Table 3.

Wyckoff and Morey [9], on the basis of X-ray data, assert that only

Na 2 O0 CaO. SiO2 is actually cubic, and that 2Na2 0. CaO. Si) 2 and Na 2 0.

2CaO. 3SiO2 have a pseudocubic structure. The compound 4Na 2 0. 3CaO.

5SiO2 melts at approximately 14500. Refraction of the solid solutions of

Na2 0 in 2CaO. SiO2 decreases in proportion to increase in Na 2 O content

(Table 4).

C) Toropov and Arakelyan present the following data for the solid solution

of the composition 2Na2 0. 8CaO- 5SiO2 , which crystallizes in the form of

hexagons: Ng = 1. 674, Np = 1. 668; direct extinction, polysynthetic twins.

The compoumd Na2 0. 4CaO. 3SiO2 forms irregular a -id elongated grains, with

Ng is 1. 634 and Np • 1. 627.

Fedorov and Brodkina [3] have studied the profile of 2CaO- Sic 2 --

Na 2 0- CaO" SiO2 , proceeding from the previously synthesized r -2CaO" SiO2

and sodium-calcium orthosilicate. Annealing a mixture of these compounds

was conducted at 1300*. The phases formed were identified by crystallooptic

and X-ray methods. The formation of limited f -2CaO. SiO2 base solid solu-

tions has been established. With a Na 2 0" CaO- SiO2 content of up to 10 weight

%, the solid solutions have the P -2CaO. SiO2 structure; in a mixture with

15 weight % Na2 0. CaO. SiO2 , complex solid solutions form, in which the2i
solvent is the P and the d' forms of 2CaO" SiOc2 . The maximum concentration

.f Na2 0. CaO. SiOc2 in the solid solution at 1300* can be estimated at approximately

-34-



TABLE I

INVARIANT POINTS OF I',a2O 0 CaO -- SiO2 SYSTEM (froin Ivicrey & Bowen)

b ~ coenfa. sec.%/

-DI 1* p . -c- - -I

K Nato .2SiO2 +Na 0 - 4OsTotrmca 137.5 1.8 00.7 821

.8i0+2N -a, S02 +CO

+ Nato .CaO.-3SiO,+ - 36.6 2.0 61.4 827

+Nao -2SiO,+)W%-,

N N~aO -2803 +N&12O2CaO. - 24.1 5.2 70.7 7110
*3Si02+Nz2Q .3Ca0.

0 Na 0O.31 0.6SiOl,+ 6,32rn1Icia 21.3 5.2 73.F 5 .'

P 1{napat%-NaO .3CaO. lluupcun 18.7 7.0 741.3 874)
. 6 SiO2+TPn~T1:l1+h 3

Q 'TP1M%1!T+t&.a-aO- 13.7 12.9 75.4, 10.35
: Si02+N%0O .3CaO.-

Na,O.3CnO.O6SiO 2+ - 19.0 14.5 661.5 10.30
+;a 0 .'("3 3SW0,4

S ~.a.iN~.- 17.7 19.5 02.8 1110
.2(aO -.3Si0'+0L-C~aO 4

T a-C41O.SiO,+Si0,+ j11HUL.PCH1u 11.4 1M.6 73.0 2110

Na.O -2Q0 0.3Si0O,+ kilap-oIuzel 17.5 31.6 50.9J 1281

- 2Na,O.GapO.3Si01
4.L IItmourpy-1 34S.4 15.6 W0.0 I1.W1

Na.~aO67O'- ATo MS 10.5 28.5 01.0 10417

Key: a. Points (Fig. 18) h. Tridymite

[Ib. Phases i. Eutectic 4
c. Process j. Inversion
d Composition, weight 7/6 k. Melting

e. Temperature, 0C 1. incongruent meltingF V f. Liquid m. S3ame
g. Quartz



TABLE II

TRIPLIE INVARIANT POINTS OF Na2 O 0 CaO -- Si0 2Q (from Segnit)

bt CCoctau Dec.%i
Y~poucc jTemnepa-

2CaO.Si02+3CaO.2SiO,+NaISO. jfame 884. 467 18
-2CaO .2Sioj+,,nzocme capue884. 4.7 10

9-CaO.SiO 2+-3LaO.2SiO 2+N%O. DOTJ0 . 4. 7
*2CaO .2SiO 2+,-m;wjc(K-n e pen . 4. 73 17

N820O.2CaO.'3'qiO+2CaO.SiO 2 + * 12.5 39.5 48.0 1255
+iNa2O .2CaO .2SiO2+nt~iijiuoT

N&20O.2CaO .3SiO.+Na2 O .CaO - 24.0 32.0 44.0 1260
( .~sios+Na2o 2CaO 2SiO3 +HnWn.
K2Cao.-Sio. +Nn1 .ao.- sjo,+ Z 3.0 37.6 39.4 14,40

+ +Na,Oj .2Cao .2SiO,+M14w
Na2O.ZCaO .3510x+Na20.Cao. Pituopere 39.8 16.7 43.5 1130

.SiOs 4-4Na~o .3CaO.S0 m

Nas "aO .20a0.SiO2Na1 0. CaO. - 40.0 16.0 44.0 1120
*3iO,+4.N't 2U.3CaO .SSiO,j+
+;!hjuocb e

M2Na1 .C '3iO,+NU O.SiO + & 45.0 10.5 44.5 990

Nao 0 SiO,+Na$O.CaO.SjO 3+ 0 48.0 10.5 41.5 950
+4NaO.3CaO .5Sio,+wvt-e

Key:

a. Phases
b. Process

d. Temperature, 0C
e. Liquid
f . Solution
g. Eutectic
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TABLE III

CRYSTALLINE PHASES OF NaO2 -- CaO - SiO2 SYSTEM

(from Morey and Bowen)

C11 •ca CILI4-

cveAMIeIe 1 11116MI MM raGIj1rc Ng rp -va IIo'

NasO.3C&O.68iOs PoMx6ire- IlIlpRaw t.579 t.564 +75 -
(Ae!Urp&r) 0- c~ast

NaO280 .3iO -20-=2 UCemzOAOK,,- lRtMICU111- L.599 L.596 -- -
m emm• ,I Timenue Azt

2NOaOCAO.38iO KyOuMeM O(i1l)- XpY- 1,57t - - 2.775
A. -,Ii . .o +

No.C&O.SiO1• . -- -- 2.79

Key:

a. Compound g. Pseudocubic
b. Crystal system h. Cubic
c. Appearance 3 i. Prisms
d. Density, g/cm j. Polysynthetic twins

(" e. Devitrite k. (111) and other shapes_..)f. Rhombic

15 weight %, since, with a higher content of it in the mixture, pure sodium-

calcium silicate is found after annealing. The authors consider that the phase

composition of 2Na 2 0. 8CaO. 5SiO2 is not the individual compounds, but is a

mixture of a solid solution in P, t'I-2CaO. SiO2 and Na 2 0. CaO" SiO2 . In

their opinion, the compound 2Na 2 0. 4CaO. 3SiO2 does not exist.

Yeremin and colleagues [1] annealed a mixture with added Na 2 CO 3

(from 0.6 to 3.0 weight %) at 1400%0 with subsequent quenching. Very low

solubility of Na 2 0 in 0-2CaO" SiO 2 (about 0.6 weight %) is noted. The index
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TABLE IV

INDICES OF REFRACTION OF SOLID SOLUTIONS OF
Na2 0 IN DICALCIUM SILICATE

0.Cc.kma. we.-%-~ NP Ng •~.•gt

Na'O C2O I S-O-

- 65.1 X1*.9 1.716 1.736 0.020
- 62.0 38.0 1.703 1.731 0.028
-- 64.0 36.0 1.698 1.727 0.02!9
- (;6.0 34.0 1.712 1.731 0.022

0.5 62.4 37.1 1.712 1.733 0.021
0.8 63.2 36.0 t.709 1.729 0.020
1.5 66.4 32.1 1.708 1.729 0.02t
1.7 63.3 35.0 t.705 1.720 0.01523 63.6 34.3 1.712 t.731 0.0192.1 62.0 35.9 1.709 1.728 0.0j9

2.2 65.5 32.3 1.710 1.725 0.015
2.7 62.3 35.0 t.698 1.713 0.0t5

Key:

a. Composition, weight %
b. Birefringence

of refraction of these solid solutions is 1. 728-1. 730. Sodium oxide stabilizes

e-2CaO" SiO2 .

Maki and Sugimura [5] have shown that the compound Na..0 2CaO" 3SiO2

discloses a reversible phase conversion at approximately 4850. The low

temperature modification has a hexagonal unit cell with parameters: a" 10.471,

i, ) c = 13. 174 A, Z = 6 (at room temperature). A- 4850, the unit cell apparent-

ly becomes centered rhombohedral, with paramettrs: a 7. 53 A, d' 89071,

-38-



Z 2 (at 5501. The compound 2Na 2 0" CaO" 3SiO2, having a similar structure,'

is characterized by a cubic cell, with a = 15. 10 A, Z = 16. The authors

found solid solutions between Na 2 0* 2CaO. 3SiO2 and Na 2 0. CaO. 2SiOC2 , in

which the latter compound is isomorphic, with the high temperature modifi-

cation Na2 0* 2CaO. 3SiO2° For a solid solution rich in Na 20, a polymorphic

conversion is not observed. The compounds Na 2 0. CaO. 2SiO2 and 2Na 2 0-

CaO. 3S'02 are nomisomorphic.

Maki [41 has studied the structure of devitrite Na 2 0- 3CaO. 6SiO2 .

Crystals of •'his compound are in the triclinic system, unit cell parameters:

aM 10.202"± 0.003, b = 10.680 ± 0.003, c w 7. 232 ± 0. 004 A, r = 109°481 4-

3 3', r 99"461 5 5-3 ± 2', V - 720.5-± 0. 6A , Z 2. The ex-

perimental density is 2. 726 g/cm3 , calculated 2.722 g/cm3 . The devitrite

structure is characterized by the presence of wollastonite chains. Wollastonite

is formed by thermal decomposition of devitrite.
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K2o0- CaO -- SiQ2

A part of the system, included in the triangle K2 0. SiO 2 -- CaO i -- 2

SiO2 , has been studied by Morey and co'eagues [5]. Taylor [8] has studied

the partial system 2CaO. SiO2 -- K2 0 CaO" SiO2 . See also [4, 6].

MCO SIC2 /O r SC

//

WIN

40/ I6 .

(, / /1 b, C)bii 2

F . 2 3. Phas e i.a. of / - -- K:- Ca*• 9St 0,

syste ,region enriched in silica (from Morey,
Kraceic and Bowen).

Key:

a. Two liquid.-,
b. rfridymite
c. Cristobalite
d. Quartz
e. Weight 16
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Morey and colleagues give a ternary diagram (Fig. 23), as well as

four profiles: 1. fzim K20. 2SiO2 to the side of the SiO2 -- CaO triangle,

to a point, corresponding to a content of approximately 32 weight % CaO

(Fig. 24); 2. K20. SiO2 -- CaO. SiO2 (Fig. 25); 3. K20-CaO SiO2 -- 1(20.

2SiO2 (Fig. 26); 4. K20" 4SiO2 -- CaO" SiO2 (Fig. 27). The partial system

2CaO. SiO2 -- K20- CaO" SiO2 has been studied by Taylor, who found the

ct. impound K20" 23CaO. 12SiO2 here.

OC

T-a

:soo p~e~fpn,W
4 t,

S~Fig. 24. Ternary system profile, going from

compound K20- 2SiO2 through compound K20.
2CaO" 6SiO2 to the side of triangle CaO" SiO2

(from Morey and colleaguesn),

Key:

a. Cristobalite
b. Tridymite
c. Vwight 70
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_-w,7 -- I-

0 7

P IA 2 o0 cSi 0,Jfw 0 .

ax0 ~ xl2 k 40
9K#SfO C0,2% CeOOSiO2

Fig. 25. Phase diagram of
partial system K2 0: SiO2 --

CaO. S'02
(from Morey and colleagues).

Key: a. Weight %

4';

Fig. 2 6. Phase diagramn of Fig. 27. Phase diagram of
partial system K 0- CaO" partial system K20.4SiO2 -
SiO2 -- K2 O-2Si(3j (from CaO" SiO. (fr-om Morey and
Morey and colleagues),.olage)

Key: Key:

a. Weight as a. Weight
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A considerable number of crystalline ternary compounds has bee n found

in the system. Morey and colleagues found six compounds: 2K(20- CaO* 3SiO2 ,

~'K20- Cao- Sio 2 4K2 0. CaO. lOSiO2 , K2O* 3Ca0- 6Si0 2 , (20. 2CaO- 9Si0 2 , and

2K20* CaO* 6Si0 2 . Toropov and Borisenko [21 and Yung and colleagues [31,

on the basis of X-ray studies, confirm the existence of the compouri K(20.

23CaO* 12Si0 2 . The index of refraction of this compound is close to that of

dicalcium silicate: according to Toropov [1], Ng w 1. 703, Np 1. 695 and,

according to Suzukawa [7], Ng 1. 711, Np 1. 703.

-- 4



T ; • "

TABLE I
INVARIANT POINTS OF ]{2° -- CaO -- SiO2 SYSTEM

S!

=-KsO.•?,aO.6SiOs+•CaO.•iO•+ •Peagn, 13.3 10.8 tO•
-bSi% q- m•om.

g•.2CaO.93iOs-i-o-KzO.3CaO.6SiOz-• * t3.8 L0.b t050
-FSiOs+•,Kcvr• •..

KsO.2CaO.98iOz+KsO.4SlOs-i-SiO•+ • eanum 25.1 1.9 720

KsO.2•O.0•iOs+KaO.2SIO•-{-K=O- , 30.8 0.9 720
.4SiOs+am•ovm

KsO.2CaO.•SiOsq-4K•O.C, aO. •rPeam• 3i.6 2.3 7 it)
• f0•iOs-l-KsO .2SiOs +•lmASoc'a•

KsO.2CaO-•iOs-}-iKsO.CaO. • 28.8 5.3 8•
• t0$•O=+2KsO ,C, aO .6SiOs+am•-

KiO.2CaO-•iOs -}-2K.O.CaO. 26.B 7.8 91•
-" .i'•iO.-kll-K.O.3•0.6SiO= +• -

•bKsO.3CaO-6SiOsq-a-K=C.:•".aO. klIpv, paale- 2.3.6 ft.O tt•,•
• f•"Os+am;t.ocr•, •_ imo

2KsO -GaO-6Si¢ = -l-mu/cmvr• •. •laarme.•o 31.1 9.3 959

4K=O .CaO.10SiO•a-amazv•-ru •. , 3G.5 5.4 9 •;
2i{sO-CaO.•xqOs-F[,-K•O-3GaO- Peam, tn• " 32.3 11.3 93•

.6SiO= + l•-t".a O .Si ('= 3raa ,;trocr•_
2KtO.CaO.3SiOs÷lKtO-CaO. 9mmunaa 37.2 t0.2 8•.•

• tt•iO•-i-2KtO.CaO.6SiOsq-nutg-
KOC'rb¢•.

2 K •O -CaO .3SlOt -i-2 K=O .C.RO • , 34.2 13.t} •,0
• 6SiO,,+l•-C, aO .S i O= -Fa m/O;ocn,•..-

KzO .CaO .SiOs+ jl-CaO .SiOs .I-2CaO • • Pcasr0m 22.5 31.0 .•6.3 flb•
• SiO= --ka,'n,,t:,a.'¢•..

2 K •O -CaO .3,q i •i= q- [•,aO .SiO= • s 3LI 1;I.7 52.2 8.3•
+K=O.CaO.SsO,+•,U•oc.•

2K ;O "C'•O .3SiOs+K =O .2SiO= -I-4 K =O • Omvwrima 40.5 7.7 51.8 8:=5
• t•O.l OSiO=--aa:.-•rocrb¢.. • ,

K:•":;:O:-i-2KO.CaO.3SiOa-'..K.O. , ' 5i.7 0.2 15.i 770
• ---•, •-':';1:;•. :i.::•'•b• .- " '

:" -" ' :"-.•.()_--=:;.• .:c-.'t•.P...- dlaar.•r.,re ' 41.8 25.7 28.5 1(•'•),

:'." ';-:'•'S.O.t : KtO.".klCaO.t2S.it•s-:- ),•ni:v.na ,,I.. 29.7 2.q,1 1598

|

Key: a. Phases f. Reactions
b. Process g. Eutectlc
c. Content, weight % h. Conversion
d. Temperature, *C i. Melting
e. Liquid
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TABLE II

CRYSTALLINE PHASES OF K2 0 -- CaO -- SiO2 SYSTEM

C..% c•vao, a6awy NL N9 No NP Np 2V-

___o__oso_ - -m - - -
2K 0 CaO.3SiO2 Ay uu'ettan &Vac;(PIA - 1.572 - -
K2 .&CaO.SiOg evleKcaro- flnpasuInqu 1.005 - 1.600 0.005 (;.)

na.1lalizan J
4K 10.CeO.l0SiO2 - To me l.tacTItun- 1.548 - 1.537 0.011 -

HK
a-KS0.3CaO.6S10 1 VPo,6uqe- Ilpwmm1A 1.59 ? 1.575 0.015 (t)c,;aR i;o:l,.-

ln,uoi

P-K2O.3CaO.6SiM0 -f To ,te 1•:m,.a it 1.57 - 1..5 0.010 (-)?
II~iacrlllllcz'

K2O.2CaO.9SiO, onoicuEInI- IIpuauia m. 1.535 P L.515 0.020 (-)
Mall UMA IIJIaCTRIIIK Bo.at-

TpUNI,1=N- ft ,aoi
man

2KI0.CaO.0SIO3  ro me 1.5. 1.541 L.535 0.008 (-)

Key:

a. Compound h. Monoclinic or triclinic
b. Crystal system i. Octahedra
c. Appearance j. Pyramids
d. Cubic k. Plates
e. Hexagonal 1. Prisms
f. Same m. Needles and plates
g. Rhombic n. Prisms and plates

o. Large
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MgO -- CaO -- SiO2

As early as the first works of Day aid colleagues [17], Bowen and

Anderson [9], Bowen [8] and Ferguson and Merwin [19], the basic character-

istics of the system had been ascertained and the existence of the predomi-

nant phases had been established. The following three-component compounds

crystallize in the system: CaO- MgO. 2SiO2 , diopside; CaO- MgO- SiO2 ,

monticellite; 3CaO- MgO" 2SiO2 , merwinite; 2CaO" MgO. 2Si0 2 , ockermanite

and the compound 5CaO. 2MgO" 6Si0 2 .

A phase diagram of the MgO -- CaO -- SiO system, according to

Osborn and Muan [30], who studied the preceding work (up to 1960), mainly

of Ricker and Osborn [33], is presented in Fig. 28. Separate partial systems

are presented in Fig. 29-33.

Solid solutions have been found among the many compounds in the CaO --

MgO -- SiO 2 system. Solid solutions apparently are absent among monticellite,

merwinite, ockermanite and wollastonite. The partial system diopside (CaO.

MgO. 2SiO2 ) -- silica has been studied by Bowen. The system is a simple

eutectic, with a liquid phase immiscibility region. Ehrenberg [18]

showed that oituy diopside forms from the "dry" components, as a result of

solid phase reactitn, and not tremolite as was proposed by Bowen.
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Key:
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Fig. 29. Phase diagram of partial
f) system CaO* SiO -- CaQ* MgO. 2SiQ2

(from Schairer 'a~hd Bowen).2

Key:

a. Diopside

b. Weights

The partial system diopside -- calcium metasilicate has been studied

by Schairer and Bowen [351. A very flat primary crystallization curve is

observed for diopside (Fig. 29). Diopside forms a solid solution with CaSiO,

in which the conversion temperature of the c~alcium metasilicate in this crystal-

line solution increases considerably, from 1125 to 13680. At a temperature

of 1368%, the f phase (woliastonite) dissolves much more diopside (up to 22%)

than the it phase (pseudowollastonite).

In the partial system calcium metasilicate - - ockerinanite, the latter

)does not forn- a solid solution with either the 4 or 0 calcium metasilicate.

The partial systems dicalcium silicate -- ockermanite and merwinite--
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Fig. 30. Phase diagram of partial
system 3CaO. MgO. 2SiO2 (merwinite) --

( 2CaO" MgO" 2SiO2 (ockermanite)
(from Osborn).

Key:

a. Merwinite
b. Ockermanite
c. Weight %

ockermanite (Fig. 30) have been studied by Osborn [29], and ciopside --

ockermranite by Ferguson and Merwin [191.

Ockermanite apparently can produce solid solutions with some compounds.

Schairer and colleagues [36] investigated solid solutions formed from ockermanite

with merwinite (considerably less than 5 weight % dissolves), rankinite (less

than 7. 5% and more than 5 weight Jo dissolves at 1380%), monticellite (less

than 2% at 1340%), forsterite (possibly about 1% at 13400) and d,calciumsilicate
(considerably less than 5%, and it is even possible that there is quite negligi-

ble solubility here). In connection with this, it is noted that, over a certain

temperature range, ýhc, composition of ockermanite can deviate from

stoichiometric (2:1:2).
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K2 SO4 type rhombic structure. Merwinite decomposes at 1975t 50, with

formation of a melt, periclase and dicalcium silicate.

U • Solid solutions in the monticellite (CaO- MgO. SiO2 ) -- forsterite (2MgO.

SiO2 ) series have been studied by Ricker and Osborn [33]. Close to the

liquidus temperature, a broad region of solid solutions is observed, but,

nevertheless, solid solutions are not continuous in the monticellite --

forsterite series (Fig. 32). Despite belonging to one and the same space

group and the close dimensions of the unit cells, even at elevated temperatures,

limited solubility is observed. Thus, at 15000, when liquid and periclase

appear, as a result of congruent melting, the coexisting solid phases on both

sides contain approximately 30 weight % dissolved forsterite and monticellite.

The merwinite 3CaO. MgO" 2SiO2 formed does not form a solid solution with

monticellite.

The partial system MgSiO3 -- MgO. CaO" 2SiO2 (Fig. 33) has been studied

by Atlas [6].

The partial binary system MgO -- 2CaO" SiO , according to Ricker and
2

Osborn, is a simple eutectic, with a eutectic melting temperature of 1800°.

Butt and colleagues [2] have shown that magnesium oxide, dissolving

in tricalcium silicate up to a content of 4 weight %, forms a solid intrusion

solution.

Biggar and O'Hara [71 have studied the partial profile of forsterite --

monticellite by the quenching method. It has been shown that montice~lite is

unstable at atmospheric pressure. The stability region of monticellite solid

solutions (for the m onticellite-forsterite profile) is extended at elevated

temperatures: at 1200c, the stability is limited between 89 and 93 mole %
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Spencer and Coleman [37] determined the density of the chemical com-

() pounds in the system, using a pycnometer filled with xylol,

1440

f4'20.~

A
() 1380 aa!

4cm. I+

t00 80 60 40 20

Fig. 34. Phase diagram of diopside (CaO. MgO-

Kushiro and Schairer).

Key:

a. Diopside

b. Forsteritec. Weight j

In the first works on the diopside -- forsterite system, it was assumed

that it is a simple eutectic, with a very flat diopside crystallization curve.

Kusiroand Schairer [241 determined that CaMgSi2 Q0 and Mg2 8i0 4 base[oi ouin xs ee The low temperature region of this system is
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shown in Fig. 34. The liquidu " diopside solid solutions has a maximum

Sapproximately 20 higher than the melting temperature of diopside, 1391. 5*.

'' Diopside can contain about 5 weight % of forsterite in solid solution.

"Cw

SSi ~~O2 -- CaSO. MgO-piO2sytem
•z the subsoidusl retfUVAgio a 40kf/

4 a.Mrwbt

6OC I.f!1 :un e
025 SO 75 AV

Fig. 35. Phase diagram of 2CaOt

S2a2O-- CaO- MgO SiO2i system in

the subsolidus region at 140 kgf/cm2

water vapor pressure (from D. Roy).

Key:

a. Merwinite
b. Mon+icellite
C. Mo>" To

D. Roy [341 studied the low temperature region (600p90os ) of the

2CaQ* SiO - - CaO. MgO- SiO (moriticellite) system, using the hydrothermal
2 2

2
method at v. ater vapor pressures of 70- 1000 kgf/cm . She observed monticellite,

CaSi, and merwinite everywhiere, in the form of pure phases, and she did

not observe solid solutions. A subsolidus equilibrium phase diagram for

water vapor pressure of 140 kg/cm2 is presented in Fig. 35.
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Fig. 36. Phase diagram of partial
system 2CaO. SiO2 -- 3CaO MgO.

SiO 2 (merwinite) system (from Gutt):

T. new magnesium -calcium silicate.

S:,ey:

a. Merwinite
b. Weight %

Carefully (prolonged annealing) s'udying the 2CaO. Sic 2 -- 3CaO MgO.

2SiO2 (merwinite) system, Gutt [20] discovered a new, complex compound

(2CaO" SiO2 )5 .6 (3CaO. MgO- 2SiO2 ) 4 .4 (T in Fig. 36), and he proposed a new

variant of the 2CaO. SiO2 -- merwinite system (Fig. 36). The liquidus curve,

obtained by means of a heating microscope, reaches from 1800 to 21300. Only

- -2CaO" SiO2 is separated from the liquid as the primary phase here; at 15750,

decomposition of merwinite takes place, with formation of tI-2CaO. SiO2 ,

periclase (MgO) and liquid. At 1590', magnesium oxide dissolves and only
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Key:
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Kushiro and Schairer [24] recently refined the diop side -enriched

region of the diopaide-enstatite system (Fig. 37).

A three-phase triangular system, according to Berezhnoy [ 1], is

presented in Fig. 38. The phase relationships for temperatures of 1600 and

17000, from Muan and Osborn, are shown in Fig. 39a and b.
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Berezhnoy). 

IX

Key:

a. Diopside
b. Ockermanite
C. Merwinite
d. Monticellite

.-3 Weight %/

The question of stability of ockermanite at normal pressure has been

touched on in a number of works, for exa±mple, Carstens and Kristoffersen

[141, Bowen, Schairer and Posnjak riol, Osborn and Schairer [31]. Nuuvonen

[27], Christie [151, and at elevated pressures, in the works of Harker and

Tuttle [211, Kushiro [22] and Kushiro and Yoder [25) and others. The thermal

behavior of ockermanite has been studied in greate.t detail at high temperatures

and aormal pressures by Lapin and Solovova [4], in wkich the study was carried
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out both by an approach "from below," at temperatures from 900 to 1280°

and holding from 41 hours 30 minutes to 20 hours, -and "from above," wvith

Si preliminary melting of the syntahesized ockermanite and holding it then at

v-arious temperatures in the 1200-1.3500 range for periods of 2-233 hours.

Partial d-ýcamposition of ockermanite was established, with appearance of

c•rystals of grains of other phases within it. Thus, at 1325*, 2CaO. SiO2 and

S2

i er%,vrinite appear, at 1275* and holding for two and four hours~a small1 amount

Sof mont.icellite is combined with the latter, and upon holding 20 hours at 1275",

Sdiopside and -wollastonite solid solutions were found within the ockermanite
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crystals; the diopside and wollastonite phases, with predominance of diopside,

were observed at all holding times (from 2 to 233 hours) at 1200° and lower

(down to 10500).

The phase ratios and melting temperatures in the MgO -- CaO -- SiO2

system has been studied at elevated pressures. Yoder [38] determined the

increase in melting temperature of diopside (CaO. MgO. 2SiO2 ) with pressure.

He introduces the equation tmeltm 1391.5 + 0.01297 P, where tmelt is the

m.elting temperature (in Q C) and P is the pressure (in bars). Boyd and

England [11, 12] have studied the relation of melting temperature of diopside

up to a pressure of 60 kbar.

00-
Aumrgh7 .epkun'i

8.
1&L

Fig. 40. Phase ratios for the compound
Ca 2 MgSi 2 07 vs. temperature and pressure

(from Yoder).

Key:I ia. Pressure P, kbar
b. Diopside
c. Merwinite
d. Ockermanite
e. Wollastonite
f. Monticellite
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Yoder [391 has determined the stability region of ockermanite in the

ternary system under high pressure conditions. A diagram showing the stability

field of ockermanite Ca 2 MgSi 2 0 7 (the possibility is admitted of formation of

solid solutions based on ockermanite) is presented in Fig. 40. Yoder studied

the reaction ockermanite + forsterite m diopside + monticellite under high

pressure conditions.

180 20 r. 0 0LO

- ---------- '*&

't.Aw IrP.JUgnc n p \ I otm

# 6i
0 20 '1 60 0 100

Fig. 41. Phase diagram of partial
system diopside -- enstatite at pressure
of 20 kbar (from Kusbiro): KP clino-
pyroxene.

Key:

a. Enstatite
b. Diopside
c. Weight J

Kushiro [23] has studied the system forsterite -- diopside -- silica

at a pressure of 20 kbar. Partial diagrams of Mg 2 SiO4 --- CaMgSi 2 0 6 and

MgSiO3 -- CaMgSi 2 0 6 for the pressure indicated are presented in Figs. 41

and 42. See also [16].
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Fig. 42. Phase diagram of partial
system forsterite - - diopside at
pressure of 20 kbar (from Kushiro).

Key:

a. Diopside
b. Forsterite
c. Weight To

Kalinina and Filipovich [3] and Toropov and Khotimchenko [5] have

shown that crystallization of glass forms metastable phases, sometimes in-

cluding solid solutions.

According to the new definitions of Onken [28], relating to the olivine

group, monticellite has the following unit cell parameters: a =4. 822

0. 00 1, b 11. 108 +0. 003, c 6. 382 ±0. 002 A.

f4
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INVARIANT POINTS OF CaO -- Mg 0 SiO2
(from Parker and Nurse)

a b om~bc%

%C CO ioa tyunpa -

I ,V
2Cao _A90 2SiO2+2CAO .S1O,+3Ca0 .MgO. 47.2 9.2 43.8 t1400

ZO.O.11,,-LSOi+2Cao-SiQ2+MgO+MixAociiA 42.8 21.9 35.5 1580.

Key:

( a. Phases
b. Composition, weight 76
c. Temperature, 'C
d. Liquid

Ferguson arnd Merwin [19] have determined the opt.I~cal properties of

solid solutions of the clinoenstatite (MgSiO)-- diopside system.
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SrO -- CaO -- SiO2

The system has not been studied fully. Eskola [5] has studied the partial

CaSiO3 -- SrSiO3 profile, and Toropov and Konovalov [2], the partial Ca 2 SiO4 --

Sr 2 SiO4 profile. In both cases, continuous solid solutions are observed. The

phase diagram of the partial system CaO. SiO2 -- SrO. SiO 2 , from the data of

Eskola, is presented in Fig. 43. Toropov and Konovalov have determined the

indices of refraction of solid solu-ions of the orthosilicate profile, and Buckner
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and Roy [4], the regions of existence of the 4C- and •-wollastonite

solid solutions. The temperature-concentration ratios between the er-

'' and P-solid solutions of wcllastonite are shown in Fig. 44. Henning and

Pi~Lselt [6] have studied the solid solutions in the series Ca 2 SiO 4 -- Sr 2 SiO4

by infrared spectroscopy.

"C

0 20 40 60 80 100
CauO.S•O q -ec.% SrL.SdOz

Fig. 43. Phase diagram of partial
system CaO. SiO2 -- SrO. SiO 2
(from Eskola).

Key: a. Weights

Toropov and colleagues [1], in study of the partial system of 3CaO.

SiO2 -- 3SrO. SiO2 , found that the solubility limit of the tristrontium silicate

in the tricalcium is approximately 7.5 weight %. The same polymorphic con-

versions are found for the solid solution as for pure 3CaO. SiO2 ; however,

the temperatures of these conversions decreases. Thus, for a solid solution

containing 7. 5 weight % 3SrO. SiO2 1 the polymorphic conversions took place:
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Fig. 44. Diagram illustrating the regions
of existence of the i'- and f-wollastonite
solid solutiens in the CaO. SiO -- SrO. SiO2
system (from Buckner and Roy3.

Key:

a. Pseudowollastonite
b. Weight %

the first at 8500 (for pure CaO. SiO 2 at 900%), the second at 9200 (fcr pure

( ) •3CaO. SiO2 at 9500).

Brisi and Appendino [3] have studied the system in the subsolidus region,

at 1200 and 13500. The phases were identified by X-ray methods in samples

quenched after prolonged annealing at the temperatures iidicated. The phase

diagrams for 1200 and 13500, respectively, are represented in Fig. 45 a and b.

Three series of solid solutions are continuous. These are solid solutions be-

tween calcium oxide and strontium oxide, between &I-Ca2 SiO4 and 0 -Sr 2 SiO4

and between pseudowollastonite and strontium metasilicate.

) Sr 2 SiO4 stabilizes various modifications of Ca 2 SiO 4 . The first portions

of Sr 2 SiO4 entering the solid solution stabilIzes t'r-Ca 2 SiO4 . The Eolid solution

of the composition Ca1 . 9 Sr 0 . 1Si0 4 corresponds to the y-Ca 2 SiO4 structure.
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Fig. 45. Diagram of phase ratios in CaO -- SrO -- SiO
system, in subsolidus region (from Brisi and AppendinoT:
a. 12000; b. 13500.

Key:

c. Mole%

For the composition Ca 1 . 8 Sr0. 2 SiO4 , a structure corresponding to the

•'-Ca 2 SiO4 form is characteristic. Attention is drawn to the three-phase

field, in which the compound 3CaO. 2SiO 2 is in equiLibrium with the solid

solution (CaSr) SiO3 , containing about 3 mole % of strontium metasilicate,

and with the solid solution (CaSr)2 SiO4 , containing alout 15 mole % Sr 2 SiO4 .

Two two-phase fields, in which the 3CaO. 2SiO2 content is in equilibrium

with the calcium meta-and orthosilicate solid solutions, are in direct proximity

to the three-phase field. Brisi and Appendino studied the phase ratios at

13500 only in the region rich in CaO and SrO. The compounds 3CaO" SiO2 and

3SrO" SiO2 existing here form limited solid solutions of low concentration.
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The solubility of 3CaO. SiO 2 in tristrontium silicate is approximately 5 mole % |

at 13500. Solubilit y of 3SrO. SiO2 in tricalcium silicate is not over 1 mole %.

* C) The partial system 3CaO. SiO2 -- 3SrO. SiO2 is not binary. Free calcium

oxide and the (Ca, Sr)O solid solution, as well as the d.'-alcium silicate

(Ca, Sr)2 SiO4 solid solution, apparently exist here.

BIBLIOGRAPHY
1. Toropov, N. A., A. I. Boykova, A. F. Iyevin'sh, S. K. Apinitis, DAN SSSR,

137, 4, 1961, p. 882.
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5. Eskola, P., Amer. J. Sci., (5), 4, No. 23, 353, 1922.

6. Henning, 0., G. P'aselt, Zs. Chem., 5, No. 12, 468, 1965.
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STRONTIUM SILICATE SYSTEMS

Na 2 0 -- SrO -- SiO2

The system has been studied by Botvinkin and colleagues [1] by the

quenching method. The authors restricted the investigation to the Na 2 SiO3 -3-

SrSiO3 -- SiO2 region, which includes the Na 2 SiO3 -- SrSiO., binary profile.

One ternary compound Na 2 0- 2SrO. 3SiO 2 (1:2:3) melting with decomposition

at about 1200% was found in the system. According to Chetverikov and

Manuylova [2], this compound forms rectangular plates and prisms in the

tetragonal system; the crystals are optically positive, and the indices of re-

fraction: Ng = 1.516, Np - 1. 552, Ng-Np = 0.004.

A phase diagram of the partial section of Na 2 SiO3 -- SrSiO3 is pre-

sented in Fig. 46. The portion of the ternary system studied is presented

in Fig. 47.
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Fig. 46. Phase diagram of partial

system Na 2 SiO3 -- SrSiO3 (from

Botvinkin and colleagues).
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Fig. 47. Silica-rich portion of phasediagram of Na20 -- SrO -- SiO sys-

tem (from Botvinki&, cnd colleagues).
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INVARIANT POINTS OF Na 2 0. SiO2 -- SrO. iO2 -S - SiO2 SYSTEM

- NWO 5r0 NAO0 S'"

A SiO24-,irO.$iU2+NaO.2SiOs+ rm 21I 687.

, NaaO.2SrO.3SiO,+SrO.SiOs+ Pea'Lum 27.5 10 62.5 837
M Na. 2O.2SiO,+. DmA~ m &5 4.5 60.5 845

-+Na:O.2St0O.SiO3+NO-l1
XOCTh

Key:

a. Points (Fig. 47) e. Temperature, °C
b. Phases f. Liquidc. Process g. Eutectic

d. Composition, weight % h. Reactions

BIBLIOGRAPHY
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GMss], Gizlegprom Press; Moscow, 1936, p. 86.
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BeO - - SrO -- SiO2

Shte3yberg [11, carrying out crystallization of glass, studied the incom-

plete partial SrSiO3 -- BeSiO3 profile, si-ce BeSiO3 was not obtained in pure

form. The ternary compouna 2SrO. BeO" 3SiO2  S:.4 e._•Si 3 0 9 , melting incon-

gruently at 1435°, with decomposition into SrSiO3 and liquid, and having indices
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of refraction Ng 1 1. 675, Np 1. 685, was obtained for the first time; the

O extincticn a.igle is 20' aud the optical sign is positive.

BIBLIOGRAPHY

1. Shteynberg, Yu.. $,Strontsiveryye glazuri [Strontium Glazes], 2d ed.,
Stroy..zdat Press, Moscow-Leningrad, 1967.

MgO -- SrO -- SiO2

Some efforta to ascertain the existence of ternary compounds have been

undertaken by Eskola [2], who studied crystallization of glass, of the composi-

tion MgO" SrO- SiC2 and 2SrO" MgO- 3SiO2 , However, only binary compounds

_ • were found.

Shteynberg [1] has studied the partial profile MgSiO3 -- SrSiO3 , using

the quenching method. One ternary compound was found, MgO. 3SrO- 4SiO2 ,

melting incongruently at 1430%, with decomposition into SrSiO3 and melt.

Thin plate and needle-shaped crystals of the new compound are uniaxial,

positive, with direct extinction, perfect cle'avage, and indices of refraction

Ng 1. 645, Np = 1. 632.

Shteynberg expressed doubt as to the correctness of the assertion of

Massazza [3], of e existence of the compound MgO. 2SrO- 2SiO2 (ockermanite

analog), and he considers that the crystalline phase in his tests was the com-

pound 1:3:4 describcd above.

BIB LIOGRA PIIY

I. Shteynberg, Yu. G. ,Strontsiyevyye alazuri [Stroiptaum Glazes], 2d ed.,
Stro.izdat Press, Moscow-Leningrad, 1967, p. 4!.

2. Eskcla, P., Armer. J. Sci., (5), 4, No. 23, 3S3, 1922.

3 Massazza, F., Ann. Chim. (Bom.a), L2, No. 7, 569, 1962.
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BARIUM SILICATE SYSTEMS

Li 2 0 -- BaO -- SiO2

The system has been studied by the quenching method by Dietzel and

colleagues [2], in the concentration region bounded by the compounds
Li2 0 SiO 2 -- BaO" SiO 2 SiSiO2 . Ternary compounds were not obtained.

Solid solutions between BaO. 2SiO2 and 2BaO- 3SiO2 are widespread in the

three-component region. A phase diagram of the Li2 0 SiO2 -- BaO. SiO2 --

SiO2 system is presented in Fig. 48.

According to the data of Bergman ana colleagues [1], using the visual

method, the partial system Li2 SiO3 -- BaSiO3 is a simple eutectic. The

eutectic contains 55 mole % BaSiO3 , and it melts at 9600. A polymorphic

conversion was noted at 986° for lithium metasilicate.
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Fig. 48. Phase diagram of Li 2 0. SiO2
BaO- SiO2 system (from Dietzel and

colleagues).

Key:

a. Mole %J
b. Tridymite
c. Cristobalite.
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INVARIANT POINTS OF Li 0 -- BaO -- SiO2
SYSTEM 2

CL b .. Cocmb. UoR. 0,. T( df
0aw Pottecc Pat,-SIO, 13aO LI:O Pa, "C

~i,0 .SiO--BaO .SiOs-i-+-Auocm e k9MIMCT3Qa 50.0 26.0 24.0 990
LiO3.SiO+l-BaO .SiOs+2BaO .SiO,+ a 53.0 24.5 22.5 94U

LisO .SiO-- LiUO .2SiOs+BaO .2SiOs+ a 65.5 12.5 ".0 910
+3iwtuocm e

LiO.2SiO-+BaO-28i0,j+SiO, (TPUM1 67.0 12.0 21.0 920
UU) +)xwP.KCM

LiO.2SiO)-+BaO.2SiO8sxuwocme a 66.5 12.0 21.5 960(ucewoommapmia mcucTMa)<:

Key:

a. Phases e. Liquid
b. Process f. Tridymite
c. Composition, mole % g. Pseudobinary system
d. Temperature, °C h. Eutectic

BIBLIOGRAPHY

1. Bergman, A.G., A.K. Nestcrova, N.S. Bychkova, DAN SSSR, 101,
3, 1955, p. 483.

2. Dietzel, A., H. Wickert, N. Ki'ppen, Glastechn. Ber., 27, No. 5,
147, 1954.

Na 2 0 -- BaO -- SiO2

The system has been studied by Kumanin and colleagues [1], encom-

passing the region rich in silica (up to 35 mole % /Si 2 ). Greene and Morgan

[2] present some data. Kumanin and colleagues discovered the formation of
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two ternary compounds: 4Na20. 2BaO. 5SiO 2 and Na 2 0. 2BaO 2SiO 2 . The

phase diagram of the portion of the system studied is presented in Fig. 49.

sioi

47147r

tN .
S 0 "2S0

3o " - 0 2.5102

4 7 733 28 AO5 8770
Ik"O SIC, fr39 131

ko 97.oSWz g2C2S,t N~.. h1 0.6 ,t7.ZSI d'324 "

Fig. 49. Phase diagram of Na 2 0 --

BaO -- SiO2 system (from Kumanin

and colleagues).

Key: a. Mole %

The authors studied 15 partial binary profile-sections of the diagram in

detail. These sections were taken at a constant content of one of the components:

Na 2 0, SiO2 or BaO. Two profiles represent the partial binary systems Na 2 0.

SiO2 =- BaO. 2SiO2 (Fig. 50) and Na2 O-SiO2 -- 2BaO" 3SiO2 (Fig. 51).

) Greene and Morgan have studied the partial system Na 2 0 2SiO2 -- BaO.

2SiO2 , which is a simple eutectic. The eutectic melts at 7970, and it contains

68 weight o Na 2 0- SiO 2 (Fig. 52).
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and colleagues).
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Fig. 52. Phase diagram of partial system- Na C.
2SiQ2 -- BaO- 2SiO2 (f rom G~reene and3 Morgani.
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INVARIANT POINTS OF Na2 0 BaO -- SiQ SYSTEM
(from Kumanin and colleagues)

LC.~ D, sec. %1

oawu fpoitic - - - -

Tpeti~tTBO2i.-~pAxlR k ~Peamurma 18.0 8.0 74.0 870

a-IWoaiu+Na23O.2SiO,-IBaO.-2SiO 3+ t OwmTeimik 23.0 5.5 71.5 722

Na.O .25iO2-+IlaO .2SiO,-jNa2O. IJAnDACIUo 2.6 9.4 64~.0 776)
*SiO 2+;'a~t~wnuiocm &

Na 2 .0SiO.,--.+Ba.2SiO21-IlaO.Si0 2-I- t. Ouwajnua 26.7 13.5 59.8 738

2rBaO.3SiO 2-I-HaO.2SiO 8-t43aO.SiO 2+ Peamimii 9.1 31.7 59.2 12115

NaO .SiO 2 I-4NaO .2BaO.-5SiO,+BaO.- LtJrreMIMa 29.3 17.0 53.7 770

4Xa.O .213.iO.Si0 BaO .SiO,+Na3 O. &jPeasitua 27.5 20.5 52.0 876
*21aU .2SiO.+mJ-,s:vcwwcr 9

.\a.O .SiO2+3Na,O.-2SiO 2+41Na2,O- L~IIieirrimia 41.X 12.6 45.8 975
-N2 O.2IaO 5S'03 -fi-,IAT3Iwcm 1 llwwiwpy- 36.38 18.18 45.44 1079

411TIlOO w~ati-
Jieli1 Ire

N~O .SiOa+Na,O -2BaO.-2SiO 2-+ pealukilrr 15.7 41.8 43.5 U275

ý;--'RaJ).IO ."90, ;s.%Uoc.Tz.3 . ourpy~wrr- 20 40.0 40.0 1324
JIOC1100 laWe-

Key sN~.SO -1-N20.2jBaO.5SiO,2+ t3~ie;rima 44.0 20.5 35.5 8W0

a. Phases g. Liquid
b. Process h. Reactions
c. Composition weight Jo i. Eutectic
d. Temperature, 0DC j. Melting
e. Tridynmite k. Incongruent melting
f . Quartz 1 . Congruent melting
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BeO -- BaO -- SiO 2

The sjstem has been studied by Isupova and Keler [3], with products

obtained by reactions in the solid state (annealing at 13500). Two ternary

compounds were obtained: BeO" BaO- SiO2 and 2BeO. BaO. 2SiO2. The first

was synthesized still earlier by Odelevskiy and Strel'tsina [4]. The compound

2BeO. BaO" 2SiO 2 corresponds to the rare mineral barylite, described by

Aminoff [5]. The compound BaBeSiO4 melts at 16750, has a density d2 5 2
4 4

3 20
4. 11 glcm (according to the data of Odelevskiy and Strel'tsina, d4 = 4.23

g/cm ); indices of refraction Ng "- 1. 665 - 0. 002, Np = 1. 662 - 0. 002;

the crystals are biaxial, negative, and polysynthetic twins are characteristic.

(,) Natural barylite 2BeO. BaO. 2SiO2 is in the rhombic system, and it forms

prisms alongc and forms plates along(CD1)The following data are presented in

the handbooks [2] for the indices of refraction of barylite: Ng = i. 703 (1. 708),

Nmn--- 1.696 (1. 702), Np = 1.691 (1.695); (+)2V 11 81° and (-)2V 700.

Artificial barylite melts at 16000, it has Ng O 1. 690 ± 0. 002, Np 1. 675

0. 002, and it is biaxial, positive crystals. The density of natural barylite,

3according to Ygberg [6] is 4.03 g/cm , of artificial (according to Isupova),

3
4.02 g/cm . Abrasheva and Belov [1] have studied the structure of barylite.

The coexisting phase triangle (I-VIII) is presented in Fig. 53.

79
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MgO -- BaO -- SiO2 %

• The system has been studied by Yasuno [81, in the region bounded by

- sanbornite, forsterite and silica. The partial system BaSi 2 05 -- Mg2SiO4 'v

(Fig. 54) is a simple eutectic ,with eutectic melting temperature 1170- 5-,

-80 - C
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with a composition of 85.5 weight % BaSi2 0 5 and 14.5 weight % Mg2 SiO4 .

The eutectic partial system BaSi2 0 5 -- MgSiO3 has a eutectic composition of

78.5 weight % BaSi 2 0 5 and 21.5 weight % MgSiO3 , with a melting temperature

of 1135 ± 51. The BaSi2 0 5 -- Mg2 SiO4 -- SiO2 triple diagram (Fig. 55) is

characterized by the presence -f two triple eutectics: E5 (between the

sanbornite, protoenstatite and tr,-1vmite fields), with a melting temperature

of 1110 t 50 and a composit.on of 8. 7 weight 0/0 MgO, 41. 0 weight % BaO and

50.3 weight % SiO2 , and E (between the sanbornite, forsterite and proto-

enstatite fields), with a melting temperature of 1125 ± 50 and composition

8.7 weight % MgO, 44.8 weight % BaO and 46.5 weight % SiO2 .
202-

1900- )L .

uSo- 8sV! ,. AisioN,(L.

= _ __ ____--• I I
6asi'05 . Bee

Fig. 54. Phase diagram of partial
system sanbornite (BaSi 2 5 ) - -

forsterite (Mg 2 SiO 4 ) (from Yasuno).

Key: a. Weight %

Argyle and Hummel [4] have studied the system in the subsolidus region.

To better obtain equilibrium, small quantitities of MgF 2 or LiF were added

to the mixtures during annealing. The formation of five ternary compounds

was established: 3BaO. MgO- 2SiO2 , 2BaO" MgO. 2SiO2 , BaO. 2MgO" 2SiO2 ,

-81-



Sio? 0
1713

SA L CO

b) b
'AJ'jiO 3

f3744.. 1 3 20
e.HU '' oe pur

8"'S2A 1170 40 60 80 ;!gSiO,
-+- 6ec. %

ki Fig. 55. Phase diagram of BaSi 2O5 --

Mg 2 SiO4 -- SiO2 system (from Yasuno).

Key:

a. Cristobalite
b. Tridymite
c. Sanbornite
d. Protoenstatite
e. Forsterite
f. Weight %

* BaO- MgO. S3O 2 and BaO'MgO 'SiO 2 (Fig. 56). The compounds 1:1:1

and 1:2:2 melt congruently at 1640 and 16000, respectively. For the remain-

ing three incongruently melting compounds, the following reactions were vo.

served during melting: 2BaO" MgO- 2SiO2 at 14250 forms BaO" MgO" &02 and

liquid; BaO. MgO" 3SiO at 10150 forms BaO. 2MgO- 2SiO2 and liquid. the corn--
22

' pound 3RaO- MgO. 2SiG2 begins to melt at 16200, with formation of BaO-

MgO. SiO 2 and 2!3aO SiO 2 . ,NoIhd solutions were not found in the system.
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Fig. 56. Diagram of phase ratios of MgO -- BaO --jSic 2 system in the subsolidus region (from Argyle

and Hummel).

Key:
a. Glass formation region
b. Two liquids

c. Region not producing glass
d. Mole %

The compound BaO" 3MgO- 2SiO2 , to w.,ich Gry'-icki and Nadochowski

referred [61, is actually a mixture of BaO. 2MgO* 2SiO2 and MgQ.

"Besides the compounds indicated above, Grebenshchikov [1, 21 synthesized

a new lamellar silicate Mv~gO. BaO- 4SiO22  MgBaSi 4 O1 0 , which is the crystallo-

* chemical analog cf gillespite (FeBaSi 4 01 0t. The synthesis was accomplished
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by prolonged crystallization (7 days and more) of the corresponding glass, in

the 900-1000° range, with addition of 2% MgF 2 . The indices of refractions of

the crystals in the sodium D line: Ng = 1. 585, Np = 1. 573. The tetragonal

cell parameters of MgBaSi 4 0 10 : a - 7.46, c - 16. 1 kX, c:a 2.16,

3Z - 4. The density, calculated from X-ray data, is 3.22 g/cm

"OC

Fig. 57. Schematic diagram, of phase
ratios of partial system Ba 2Si 4 010 -_
MgBaSi4010 (from Grebenshchikov).

Key: a. Mole 76

Tov.opov and Gr-•benshchikov [3] studied the subsolidus region of the

system Ba2Si400 -- MgBaSi4O010 heating the mix.tures (up to 50 mole To

MgBaSi 4010 ) almost to the start of fusion (1110-1200°). A schematic phase

diagram in the subsolidus region of Ba 2Si 4010 -- MgBaSi 4O0I0 is presented

in Fig. 57. The solubility limit of MgBaSi 4010 in barium disilicate is estimated

at 15 mole %/. This comparatively low replaceability of Ba 2+ by Mg 2+ apparently

is connected with the considerable difference in structure of sanbornite

8- 4
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(Ba 2 Si 4Ol 0 ) and the gillespite-like silicate. It is interesting that the index

of refraction of the limiting solid solution is only 0. 004 less than the correspond-

ing value for sanbornite.

Klasens and colleagues [7] describe the ternary compounds BaO" MgO.

SiO22 BaO- 2MgO" 2SiO2 , 2BaO" MgO. 2S.O 2 and 3BaO" MgO" 2SiO2 , obtained

by annealing mixtures of BaCO3 , MgO and SiO2 at 1000 and 12000.

Borchert and Petzenhauser [5], by annealing a mixture of BaO + 5MgO +-

12SiO 2 (about 13000), obtained a new hexagonal phase of unknown composition,

with unit cell parameters a0 - 13. 24, c 0 = 13. 33 0. 05 A.
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1, Grebenshchikov, R. G., Zap. Vsecoyuzn. mineral. obshch., 2-ya ser.,
Part 91, 1962, p. 211.

2. Grebenshchikov, R. G., Trudy 6-go soveshch. po eksper. i tekhn. mineral
i petrogi. [Proceedings, 6th Conference on Experimental and Engineering
Minerology ana Petrography], AN SSS.R Press, Mloscow, 1962, p. 295.

3. Toropov, N.A., R.G. Grebenshchikov, Zhurn. neorg. khim., 7, No. 2,
1962, p. 337

4. Argyle, J.F., F.A. Hummel, Glass Indusairy, 46, No. 12, 710, 1965.

5. Borchert, W., I. Petzenhauser, Ber. Dtsch. keram. Ges., 4L3, No. 10,
572, 1966.

6. Grylicki, M., F. Nadochowski, Prace Inst. Hutiaczych. 10, No. 5, 243, 1958.

7. Klasens, H.A., A.H. Hoekstra, A.P.M., Cox, J. Electrochem. Soc., 104,
No. 2, 93, 1957.

8. Yasuno, F. 2 Ceram. Assoc. Japan, 67, No. 12, 403, 1959.

85-



CaO -- BaO -- SiO2

The first investigation of the system is that of Eskola [8], who studied

the metasilicate profile CaSiO3 -- BaSiO3 presented ii Fig. 58. Eskola did

not find any solid solutions here. He obtained the ternary compound 2CaO.

BaO. 3SiO2 .

oKL

1 400.0•¢C0.$i02.. fL.2Ca0'03Si0~.M

MOO - - -

1 320 132g ;

Ct -CO•OSiO2+ +

1240 ~ ~ 70-R,.735102 4

116072EE1
0 20 4:3 &1 8 1700

cool S102. ak % 8a0-5flj~

Fig. 58. Phase diagram of partial
system CaO. SiO2 -- BaO. SiO 2
(from Eskola).

Key:

a. Weight %

Toropov and Koriovalov (31 demonstratod complete miscibility in the

2BaO-SiO2 -- 2SrO SiO 2 system, and they determined the indices of refraction

and density of the solid solutions.

Toropov and colleagues [1, 2] plotted a complete phase diagram of the

ternary system, which is presented in Fig. 59. In the presence of barium
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Key:

a. Two liquids
1.. Cristobalite

,.Tridymite
d. Weight /

oxide,, the compound 3CaO- 2SiO 2 melts, with decomposition into a solid solution

of calcium and barium orthosilicaies and liquid. The figurative point 'ýf this

•. .... compound is outside its field of piimary crystallization.

The region of solid solutions of the series Ca 2 SiO4 Ba2SiO4 represents

-(a broad band, the boundarmes of which an.-Iliquidus temperature of the field

k have been determined pý-ecisely.

S87
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In the binary system -- 'SiO2. the region of phase separation of the
In0

liquids encompasses the composition 72. 0-99.5 weight % SiO 2 , and the equi-

librium temperature of the three phases is 16980. In the ternary system, this

region extends up to 11 weight % BaO. A schemetic three-dimensional model

of tIle phase separation region, having the appearance of a cupola, at the base

of which is the plane of coexistence of two liquid (glass) and one crystalline

phase, and the peak of which is the critical phase-separation temperature in

the CaO -- Si02 system, is presented in Fig. 60. The position of the K'

point is defined by the coodinates: CaO 5 weight 7o, BaO 11 weight %, SiO 2

84 weight % and the temperature 16900. The values of the critical phase

separation temperatures are presented in Table 2.

Key:

0C
1000-

19/7- - - 8- ?.O

Fig. 60. Imm.Lscibility cupola of melts
in BaO -- CaO -- SiO., system (from

Toropov, Galakhov and Bondar').

Key:

a. Weight T
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I. TABLE 1 ii
INVARIANT POINTS OF CaO -- BaO -- SiO 2 SYSTEM

(from Toropov and colleagues) j

aI 1puilc'cc PTrci -u

- . caO Uo 1 81,00 , pa,4~

- ' . " ' e :,- I•
1 BaO.2 'SiO2 +CaOSiO 2 -1-SiO2+ h8 mc=a 14.5 38.0 47.5 1t50)

2 BaO02Si0 2+CaO.Si0s+2CGO. 1 4.0 39.5 40.5 1190
• lJaO .3SiO±2-H(1AU~HocT'r#

3 2CaO.BaO.3Si0 2 +CaO.SiO 2+ t Peampm 29.5 34.5 36.0 1300
+TtUepaXI 1 paC4 +RCThoP+M,-

4 CaO.SiO2+3CiaO.2SiO•p+c, 1 31.0 33.0 36.0 1310
jthiA pacTnop +;mIiuoc1Tbf

5 BaO-SO 2+2GaO.BaO. hSBre na 15.5 51.5 33.0 1255
.3SiO2+T1tCp;tuii pacTrop+

6 2BaO.3SiO2+2CaOBaO. 11.5 52.5 36.0 1235
•3SiO,+BaO -SiO,+;rnuuocir

7 BaO.2Si0 2+2GaO.-Ba0.3Si¶ + 11.0 48.0 41.0 I21 0•" ~+2BaO .3Si~jt+mAicoeZ?+•.

8 Tutep.iivi pa-.Tuop+13a0+ t 5.O 72.0 13.0 --

+CaO +,•,y;ocm•f

Key:

a. Points (Fig. 59) f. Liquid
b. Phases g. Solid solution

c. Process h. Eutectic
d. Composition, weight % i. Reactions
e. Temperature, 'C

It was found in works [5, 91 that solid solutions of the Ca 2 SiO4 -- Ba 2 SiO4

system are not continuous. Formation of an individual ternary compound, the

composition of which was not determined, also is indicated.

Brisi [6] proposes that, in the pseudobinary system of Ba SiO -- CaSi

besides solid solutions of limited concentration, base i. on Ca 2 SiO4 , a uniform

phase with hexagonal symmetry, similar to glaserite in structure, exists in

the concentration range from 0. 8 CaO 1. 2 BaO" SiO2 to 0.45 C-0- 1. 55 BaO.
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TABLE 2
CRITICAL PHASE SEPARATION TEMPERATURES

OF LIQUIDS IN CaO -- BaO -- SiO2 SYSTEM

1 COCTUDn ?CC.% 1bin eC1t I "l •'"c)aTYpa.

Pa•______IIIe1111p
CaO 13aO 5102 pfCJ.I!IflIZW

10 - 90 21t0
r5 5 90 1950
5 10 85 1840

10 5 85 1965
15 5 i0 1925
20 5 75 1900
15 10 75 1825

Key:

a. Composition, weight %
b. Critical phase separation

temperature, "C

Brisi and and Appendino [7] found that the maximum solubility of Ba 2 SiO4

in Ca 2 SiO4 is 20 mole % at 11000 (Fig. 61). Substitution of calcium atoms by

barium atoms leads to stabilization of the high temperature forms of Ca 2 SiO4 .*

For the composition 1.8 CaO. 0.2BaO SiO 2 , X-ray photos indicate a rhombic

unit cell (characteristic of the i' modification), with parameters a 0 = 6. 86,

b0 = 5.57 and co= 9.37 A.

Toropov and Fedorov [41, using the quenching method, plotted a phase

diagram of the Ca 2 SiO'4 -- Ba 2 SiO4 system, which is presented in Fig. 62.

The ternary compound found has the composition of approximately GBaO" 4CaO-

5SiO2 , and it melts without decomposing at a temperature of 18750. Its density

is 4.86 g/cm , and the indices of refraction: Ng - 1.771 - 0. 004, Np -1.767

0.004. -90
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"33C

5- . .-'-

835

Fig, 61. Dhs iagram of phase raiosste in_
Ca2SO4 - B- -a2SiO4 2(frotm inorbopo iadus

redoion) at100(rmBiiadpedn)

Key: a. Moeih Jo"

32)1

-0 4 6-

Fig.. 61. Phs iagram of phase ratiosysin
CaO BaO SiO4 system in subsoaids
region t100 fomBii n).edn)

Key: a. woeigt%/
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TlVo solid solution regions were identified in the system: based on

dicalcium silicate and based on the barium-calcium silicate found. The maxi-

IJ) mum solubility of the barium-calcium silicate in Ca 2 SiO 4 corresponds to

a content of 54 weight % Ba 2 SiO 4 , and of Ca 2 SiO 4 solubility in the barium-

calcium silicate, to a content of 67. 5 weight % Ba 2 SiO4 , the limiting solubility

of Ba 2 SiO4 in the barium-calcium silicate, to a content of 87 weight % Ba 2 SiO 4 .

Ba 2 SiO4 base solid solutions were not found.

The Ca 2 SiO4 and 6BaO. 4CaO. 5SiO2 eutectic contains 55. 8 weight %

Ba 2 SiO4 and 44.2 weight % Ca 2 SiO4 , and it has a melting temperature of

1770 ± 200. The barium-calcium silicate and Ba 2 SiO4 eutectic contains

approximately 90 weight % Ba 2 SiO4 , and it melts at 1830 ± .200.

Formation of Ca 2 SiO 4 base solid solutions of various concentrations

leads to successive stabilization of the f-, r'-, and o -forms of Ca2SiO 4 .

Rhombic Ba 2 SiO4 , depending on its content in the solid solution, stabilizes

both the hexagonal 4- and the rhombic 0 -, and even the monoclinic f-Ca2 SiO4 .

A discontinuity is found in the concentration dependences of the indices

of refraction and of microhardness, which corresponds to a content of approxi-

mately 81 weight % Ba 2 SiO4 , which confirms the accepted formula for barium-

calcium silicate.

The composition of the ternary compound presented by Toropov and

Fedorov is very close to the composition given by Grylicki and Nadochowski,

and it differs considerably from the data of Kholin and colleagues, who apparently

give a composition of the limiting solid solution of Ca2SiO4 in barium-calcium

silicate, and not of the complex silicate itself.

In the pseudobinary CaSiO3 -- BaSiO3 system, Brisi and Appendino,

beside the previously known compound 2CaO" BaO. 3SiO2 , found a n,:w compound,
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close -Lo the formula 0. 9BaO. 0. iCaO. SiO2 . This compound, probably having

a certain region of uniformity, cannot be considered to be a modification of

_ BaSiO3 , stabilized by calcium (Fig. 61).
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SrO -- BaO -- SiO2

Shteynberg [1] has studied the partial profile SrSiO3 -- BaSiO3 , by

carrying out crystallization of the corresponding glasses, with subsequent

quenching. He describes three ternary compounds: SrO. BaO. 2SiO2 ,

SrO. 2BaO. 3SiO2 and SrO. 5BaO. 6SiO2 , which crystallize in the form of poly-

synthetic twins, hampering their differentiation. The existence of solid solu-

tions of the series SrO. BaO- 2SiO2 -- SrO. 2BaO. 3SiO 2 is proposed (on the

basis of data of the indices of refraction). The compound SrO. BaO- 2SiO2
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J apparently is an analog of diopside, which is seen from the similarity of the

C) infrared absorption spectra. For the compound SrO BaO 2SiO2 , indices of

refraction are presented of Ng = 1. 653, Np = 1. 648; the crystals are biaxial,

and extinction is direct. The compound SrO. 2BaO. 3SiO2 is characterized by

indices of refraction Ng = 1. 666, Np = 1. 661, and the crystals are biaxial.

For the compound SrO. 5BaO. 6SiO 2 , Ng = 1. 663, Np = 1. 659, the crystals

are biaxial and extinction is oblique.

Brisi and Appendino [3] studied the partial profile 3BaO. SiO2 -- 3SrO.

SiO2 . At 15000, according to X-ray data, formation of a continuous solid

solution takes place. At 12000, limiting solid solutions, based on tribarium

silicate, are found, which are connected, as Massazza [4) showed, with in-

stability of 3SrO. SiO2 below 12800.

a 66

3102Si 02

A/

840 C PoJ % SrO B0o % SrO

Fig. 63. Diagram of phase ratios of SrO -- BaO -- SiO2
system in subsolidus region (from Appendino and
Appendino-Montorsi); a. 11000; b. 14000.

Key:

c. Mole %
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Appendino and Appendino-Montorsi [2] confirmed the formation of a

solid solution of the type 3(Ba, Sr)O SiO2 , and they found that, at 11000,

approximately one-fifth of the barium atoms can be replaced by strontium

atoms (Fig. 63a). In the section bounded by the compounds BaO, B2 S,

Sr 2 S and SrO, there are four regions: 1. a region containing two solid solu-

tions based on 3BaO. SiO2 and 2BaO. SiO2 , in which substitution Af barium by

strontium reaches 20-25%; 2. a region, in which there is SrO and a solid

solution of the type 2(SrBa)O. SiO2 , with a predominantly strontium content;

3. a region of two solid solutiors, Ba(Sr)O and 3(BaSr)O. SiO2 ; 4. one three-

phase region (white field in the figure).

From a study of the region in which the (SrO +- BaO): SiO 2 ratio is

between 2 and 1 (within the limits included between the compounds BS, SrS,

Sr 2 S and B2 S), at 11000, low solubility of SrO SiO2 in barium metasilicate

(not over 2%) was found. A solid solution regioi also was found in the meta-

silicate profile, in the interval between 0. 9BaO" 0. 1SrO SiO2 and 0. 8BaO"

0. 2SrO SiO2 . The authors did not study stability of these solid solutions at

temperatures higher than 11000.

The SrO- SiO 2 base solid solution corresponds approximately to the

formula 2SrO. BaO. 3SiO2 at 11000. This is considered to be a discrete com-

pound, which is stable below 12500. In the region rich in silica, the compound

SrO. 5BaO" 10SiO2 has been found, for which a set of interplane distances is
I2

introduced.
The authors have studiedcat 1400°,the system bounded by the region be-

tween the compounds BaO, B2 S, Sr 2 S and SrO. Here, a continuous series of

solid solutions has been found of 3BaO" SiO2 -- 3SrO' SiO2 and 2BaO Si0 2 -S-

2SrO" SiO2  Two two-phase fields are shown in Fig. 63b.

-95-



BIBLIOGRAPHY

1. Shteyniberg, Yu. G. ,Strontsiyevyye glazuri [Strontii'm Glazes], 2d ed. ,
Stroyizdat Press, Moscow -Leningrad, 1967.

2. Appendino, P., M. Appendino-Montorsi, Ann. Chim. (Romia), 59, No. 8-9,
1969.

3. Brisi, C., P. Appendino, Ricer. Sci., 36, No. 1, 369, 1966.

4. Massazza, F., Chim. Industr., 37, No. 12, 939, 1955.* 4

t 7-1

a

-96-



M-A

0I

II

ZINC SILICATE SYSTEMS

Li 2 0 -- ZnO -- SiO2

The rough investigation of Stewart and Buchi [11 was restricted to the

region adjoining SiO2 : up to 70 mole %/ ZnO and 70 mole 0/ LU2 0. Two ternary

compounds were found: Li2 0. ZnO SiO2 and 4Li2 0. 1OZnO. 7SiO2 . X-ray

studies showed that the compound Li 2 0. ZnO" SiO2 , structurally is similar to -

Li2 0- MgO" SiO2 , can be indexed on the basis of a primitive tetragonal cell,

with parameters a * 11.47, c -- 10.78A, c:a1 0.94, andthe compound

4Li20- 10ZnO" 7SiO2 correspondingly, on the basis of a rhonbic cell, with
parameters a = 7.93, b 9. 13, c 12.80 A, a:b:c - 0. 87:1:1. 40.
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Na 2 0 -- ZnO -- Sio 2

The phase equilibria in the system have not been studied. Litvin and

% t) colleagues (I] have studied crystallization in the Na 2 0 -- ZnO -- SiO2 system

in the 350-550* temperature range, in steel autoclav-s lined with titanium.

with a solvent of a water solution of caustic soda. They we-o the first to
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obtain five sodium zinc silicates, the chemical formulas and properties of

which are presented in the table. The first two phases have a significant

piezoelectric effect, which make3 their practical use possible, especially in

combination -with bright luminescence (in the yellow-green portion of the

spectrum, with activation by rnr.nganue).

Siu,

-10 (a

NQ •Si ZS •.Z•S

4j40

Sig 4 hs e diaram o Na2~0--ZnO - Si ssUe

j;;iaiu~ ka~.iO~ ~ i-eviZmrSO 6

•_ ~in high-silica region (from Holland and Segnit). •

11 Key:
- a. Cristobalite(b. Tridymite

~71)

-"c. Quartz 1
-98
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Holland and Segnit 12] have studied the system (excenting the se..:tion

adjacent to the Na 2 O - - ZnO side) by the quenching metho.. -.'g. 64). Four

ternary compounds were obtained: Na2O* ZnO. SiO2 , Na2 O* ZnO- 2SiO2 ,

(with formation of ZnO and liquid), 860 (with formation of 1:2:2, 2:2:3 and

liquid; at 900",compound 2:2:3 disappears and final melting is observed

at 9450), 1090 (with formation of ZnO and liquid, final melting at 1325*) andI

9750 (with formation of compounds 1: 1: land 1:2:2 and liquid; at 10100, comn-

pound 1:2:2 dissolves and the final melting takes place at 11750) respectively.

PROPERTIES OF SODIUM ZINC SILICATES

Co 
go

Na2O.Zn0-3SiO. foIIoKicaun- 6.5 8.8 6.7 I3.0 5 1.582 1.571 1.5k58
- Ilan

Nov2 O-2ZuO2SjO 2  Po~i~sr'se- 9A6 1.3.6 5.07j 3.8 4. 5 1.6.33 1.615 1.614

1Na.0-Zn02Si* To me 5.05 14.9 10.2 I3.5 S .5 1.6.54 1.640 1.6X33
IN8q.0ZOO 28i03  r ' ia 226 .075 3 6 5.0 1.574 1.565 t .56"
NnO.ZnO*SiO1  on"It;1wu- 507.071 q33 3146 .60

Wnw

a. Co~mposition
b. Crystal system
c. Unit cell parartesA
d. Density, g/cm
e. Moos hardness
f. Monoclinic

-'g. Rhombic
h . Sam ie

-99-



The compound Na20. ZnO. SiO, exists in four poilymiorphic forms, with

22 .

transition temperatures of 620 t 10, 815 _ 10 and 1055 5". For the low

temperature form, biaxial negative crystals, with indices of refraction

Ng = 1. 618 ± 0.002, Np = 1. 606 - 0.002, are characteristic. Crystals

of compound 1:1:2 are monoclinic, biaxial and negative, with a large optical

axis angle and indices of refraction Ng = 1. 580 ± 0.002, Np 1.5V7 ± 0.002.

Crystals of compound 1:2:2 are biaxial and negative, with a medium optical

axis angle and indices of refraction Ng m 1.650 ± 0.003, Np - i. 633 ± 0.002.

Compound 2:2:3 forms poorly expressed pseudocubic crystals, frequently

appearing to be isotropic, with an index of refraction 1. 587 ±0. 002; however,

X-ray data indicate that this compound a •longs to the tetragonal crystal system,

with parameter c three times greater than a.

Holland and Segnit di scovered a mixture of several phases in efforts to

obtain compound 1:1:3.

A X-ray photo of compound 1:3:2, made by Litvin and colleagues, in the

opinion of Holland and Segnit, actually is a X-ray photo (,f 2:2:3, in a mixture

with other phases.
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K20 -- ZnO -- Si0 2

A rough study of the system has been made by Ingerson and colleagues [1].

Determination of the liquidus temperature and the primary phases in the system
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has been accomplished only for points 1-7 (Fig. 65). The ternary compo~uli'

K2 0' ZnO* SiO 2 apparently exists in the system, separating out in the form of

O isotropic (cubic) crystals, with N = 1. 622 and decomposing with melting at

13000. More~,ver, the possibility is suggested of formation of two compounds:I

I(20* 2ZnO *iO (isotropic crystals, N>:, 1. 591) and K2 0- ZnO- 2SiO2 (urn-

axal crystal3, N - 1. 544). Field A, noted on Fig. 65, possibly belongs to

one of these compounds.

J20 80 4

znD

$0 44

4l 20

#2U 20 /40 /-G \8t Sf02
5~0S00, K102S0 2 K0~i

Fig. 65. Phase diagram of K2 0- ZnO -- SiOI
syste!.n (from Ingerson and colleagues).

Key:

a. Willemite
b. Weight 16_
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'I" gI
MgO -- ZnO -- SiO2

The system has been studied by Sarver and Hummel (1] and Segnit and

Holland [21. The first authors studied the subsolidus relationships in the

pseudobinary system Zn2 SiQ 4 - - Iv'g2 SiO4 (annealing up to - 14500). For

determination of the mutual solubility at reduced temperature's (down to

850%, the study was, conducted under hydrothermal conditions (water vapor

pressure reached 1000 psi). It is evident from the phase diagram of theK

Zn 2 SiO4 - - Mg 2 SiO4 syestem presented in Fig. 66 th.. the mutual solubility

of these silicates in the subsolidus region increases with increase ia tempera-

ture. Thus, the solubility of Zn,2 SiO4 in Mg2 SiO4 increasr,-s from 16 mnole To

at 850* to 24 mole %/ at 14600, and the solubility ofM 2 i 4 in Zn2 SiO4 for

th~ese same temperatures increases from 20 to 44 mole To.

few IWI4 4

V Mg
f6~ Imp.,

+ i

/VC.4
0# u5W6

Fig. 66. Phase diagram of Fig. 67. Solid solutions in MgO -

partial system A1g 2SiO4 - - ZnO - - SiO2 system (from Sarver I
Zn2 SiO4 (from Sarver and and Hummel).

Hummel). Key:

Key: a. Periclase
a. Wlleiteb. Forsterite

b.a rtrt . Willemite
b. Molseit d. Protoenstatite

e. Moles61
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Sarver and Hummel also determined the solubility of ZnSiO3 in MgSiO 3 .

The solid solutions existing in the MgO - - ZnO - - SiO2 system, the concentra-

tions of which are given for 1200-13000, are shown in Fig. 67.

Segnit and Holland [2] employed the quenching method, using a high-

temperature microscope. Ternary compounds were not found. The phase

diagram of the complete MgO -- ZnO -- SiO2 system is presented in Fig. 68.

Considerable areas in the diagram belong to solid solutions of the pseudobinary

system Mg 2 SiO4 -- Zn2 SiO4 and the MgO -- ZnO system.

1470-, , 15SA2 15A3

40 M A

Fig. 68. Phase diagram o MgO-

ZnO -- SiO2 system (from Segnit
and Holland).

Key:

a. Protoenstatite
b. Cristobalite
c. Tridymite
d. Weight T
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71. 7777,c~

A eutectic in the pseudobinary Mg2 SiO 4 -- Zn 2 SiO 4 profile crystallizes

at about 15000, and it contains 29 weight %/ Mg2 SiO 4 and 7!. weight Jo Zn 2 Sio 4.

The position of this eutectic gives an indication of lower solubility of Mg 2 SiO 4

in Zn2 SiO4 than that presented by Sarver and Hummtl, going up to 26 weight Jo

at 1480. The maximum solubility of ZnSiC'3 in MgSiO 3 was found to equal

11 weight 16. The region adjacent to the MgO apex remains unstudied, and

still another invariant point is possible here, in which the phases based on

forsterite, zincite (ZnO) and periclase, will be found in equilibrium with the

liquid.

2 INVARIANT POINTS OF MgO -- ZnO - - SYSTEM

AlgO jZnO - io -ryO , It

U~i '----'anT)+S~ (TP11- hUVWWWUi(a t5.5 37.0 47.5 1305
AlttlUT'I+Zfl2SiOTnepAIlazii pdcmebp .130-

!Jg:iO4 Tuphp cisptnow & Tolma 19.5 35.5. 45.0 13354-- 5
4eaucranT+Zn2sio, Tepquli PtC- AIioiifioro

AMRPw~+ 'o 0 TOPAR wmux t12.5 23.0 1500

Key:K
a. Phases f. Tridymite
b. Process g. Solid solution
c. Composition, weight 0/ h. Eutectic
d. Temperature, 0C i. Double el.evation point I
e. Protoenstatite
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CaO -- ZnO -- SiO 2

The study has been studied by Segnit [2], by the quenching method (Fig.

69). One ternary compound 2CaO. ZnO. 2SiO2 has been found, corresponding

to the mineral iLardystonite, with a congruent melting temperature of 14250.

It forms negative, uniaxial crystals, with indices of refraction Ne 1. 661

and No 1.673.

5ii

Jkq

C0" 20 80 84I

Fig. 69. Phase diagram of CaO -- ZnO --

SiO2 system (from Segnit).

Key: [ .a. Two liquids

b. Cristobalite ••
c. Tridymite
d. Weight % 4P
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E, are an olaus[]hv tdidascino h OS

xi arn e ofanld collaueios, [corraestundiedt varscions modfiaon the 3CaOSi -

SiO 2 , are shown in Fig. 70, The maximum concentration of '7-O in the solid-

solution is somewhat in excess of 2 weight %

M,'

Mt t

800-

~ . too

~~s i 500 i

0f23 4 S

Fig. 70. rhaige icovrontempera-

trofsldsolutions of the 3Ca& SiO co--ge)

Key:

a. Heati ng
b. Cooling

c.Weight%
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INVARIANT POINTS OF C&O -- ZnO -- SiO2 SYSTEM

11itTem"%;' IPOo=o ,.,a
g4 *a -_ __ _ __ coI znojIsio, JA4.

A 3Q0-02i0,a-I-CaO .SiO+2O. Ii : ma 4,;.4 11.5 42.1 1360

3C.A2SiO --+2cO .SiO -+ Peamunonas 40.9 ii 5 41.6 13G5
+2CaO.ZuO.2Si02+xqA- omaI~oc'• hf

C ZnO-+2CaO.SiO,-+2CaO.ZnO. ii- 3aermxa 36.6 :J.4 3j.,t 1315
•28i0,+imuuAxonf

D ZnO+2ZnO.SiOf,+2CaO.ZnO. 18.0 50.0 32.0 12V,

E SiOlf(i i÷m)+2ZnO 'SiO 8+ t9.6 52.4 48.0 1 N70
+2Ca0.Zn0.2Si0 +xNacwc1

F SiOKugmWt) 4CA0 *SiOri- 0.eaku"ouk in 24.A 21.9 54.0 1223
.,.-., IKOC?& -0~c

Key:

a. Points (Fig. 69) f. Liquid
b. Phases g. SiO2 (tridymite)
c. Process n. Eutectic
d. Composition, weight 0 i. Reaction point.
e. Temperature. °C
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SrO -- ZnO -- SiO2

Shteynberg [1' presents some information on the system, havirg studied

the partial SrSiO3 - - ZnSiO3 profile by the quenching method. One terna.'

compound 3SrO. ZnO. 4SiO2 was found, melting incongruertly at 13900, with
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decomposition into SrSiO and liquid. The crystals, obtained in the form of

rectangular prisms, were uniaxial, positive, with indices of refraction

Ng = 1. 677, Np = 1. 672. A region of immiscible liquids was found close to

zinc metasilicate.

The existence of the ternary compounds SrO. 2ZnO" 2SiO2 and 2SrO- ZnO.

2SiO2 , described by Klasens and colleagues (2], cannot be considered to be

conclusively established. These authors carried out synthesis by sintering

at 1000-12000.

According to the data of Shteynberg, a X-ray photo of the composition

2SrO. ZnOo 2SiO2 is similar to 3SrO- ZnO. 4SiO2 , and the X-ray photo of

S) SrO" 2Z)O" 2SiO2 is similar to that of SrSiO3 .
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BaO - - ZnO -- SiO2

Kiasens and colleagues iij, .nnealing a mixture of BaCO3 , ZnO and j
SiO2 at 1000-12000 obtained Lhree ternary compounds: BaO. ZnO. SiO 2, BaO.

lZnO" 2SiO2 and 2 PaO. ZnO. 2SiO2 . The interplant distances and X-ray line

intensities are presented for these compounds.

BIBLIOGRAPHY

S1. Klasens, H.A., A.H. Hoekstra, A.P.M. Cox, J. Electrochem., Sm., 104A,
No. 2, 93, 1957. o ... .
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LEAD SILICATE SYSTEMS

Na20 -- PbO -- SiO2

The system has been studied by Krakau and colleagues [3-5], who re-

() stricted them selvF.s to the Na20. SiO 2 -- PbO. SiO2 -- SiO 2 triangle. Five

ternary compounds were found: the compounds Na20- 3PbO* 6SiO2 (lead devitrite)

2I 2

and Na 20- 2PbO. 3SiO 2, melting congruently at '71"7 and 6150, respectively

(the first of these compounds undergoes an ervantiotropic t ft * conversion at t•

540%) and the compounds Na 20. 2PbO. 4SiO 2. Na 2 0.3PbO- 7SiO2 and 3Na 20*

S3PbO" llSiO , melting incongruently at 635, 725 and 645%, respectively. In '

Fig. 71, where the complete phase diagram of the system, plotted by Levin

and colleague.s [8], combining existing data in the literature, is presented,

these compounds are designated by Roman numbers: 1 (1:2:4), U (1:3:6), h~igh-

temperature modification), 111 (1:2:3), IV (1:2, 1) and V (3:3: 11). The system

has five ternary eutectic s, designated a, b, c, d and e.

Krakau [3] has studied several partial binary systems: PbO -- Na 20-

SiO 2 (Fig. 72), PbO" SiO 2 -- Na2 0. SiO 2 (Fig. 7/3), 2PbO- SiO2 -- Na 20. SiO2

S(Fig. 74), 3PbDO'SiO2 -- Na20- SiO2 (Fig. 75) and 3PbO- 2SiO2 -- Na0- SiO2

(Fig. 76).
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C) Fig. 71. Phase diagram of NaO 0- PbO -- SiO2 system:
region bounded by PbSiO 3 - - Na 2 5i0 3 - - 510 2 triangle
(from Krakau and colleagues): invariant point temperatures:
a. 6700, b. 5800, c. 5750, d. 570*, e. 6100, 1. 685%, 2. 640,
3. 6430, 4. 630', 5. 6200, 6. 6300; 1. Na 0. 2PbQ- 4SiO,; HI.
Na 2 0* 3Pb0* 6Si 2 ; III. Na 2 0- 2PbO* 3Si 2 ; IV. Na 2 0- 3PbO-
7Si0 2 ; V. 3Na 2Q0 3PbO. llSiO 2 .

Key:

a. Mole 76

Glasses of the Na2 O - - PbO - - SiO2 system have been studied in detail

by 1. V. Grebenshchikov and his colleagues (1, 2,6, 7).

-110-



CRYSTALLIN1E PHASES OF Nq 2 0 -- PbO -- SiO, SYSTEM

Ceea euzieI rRU7 nfac , U.

N- 2O.2PbO.4S10 Pognqe- 11r Ar. noseptneu~aR 1. -.782 1.744 Nflaawrca maxos-
Si c~an yAIU50eUm rpy~a~n~o upu 6C35

"a" eNaj-3PbO.6Si02 hTerparo- "Upsauu, ýVenc¶ ax 1.707 !.704 -17 Ilau.ww npm 7170a.Ii unrsi.qan •uupaMuesz

--N 1O.3PbO-6Si02  Poz6uqe- Wupalnw Sfie$aa 1.744 i.719 ? Up 5400- upenpa-
5 CK411O~eS@4ipe

NaNO.3PbO.7SiO, 0 , retcaro- om6ovApm fulo (0001) RnoaM 1.750 1.726 (-) sI&asECs nHHoIurpy-
E..L1biRa *=so apif 725°

Na2O.2PbO.3SiO: MoUoariua- ? Coaepauensan 1.790 t.691 M Uiasan upm 6150

$Na 2O.3PbO-ilSiO, U To we pTa62mzu aCoeepmeuan 1.681 1.617 4C.'1882 MARo0-
no OAOmy a- m rpyaTBo ups 6450
Upaawleslo

Key:

a. Compound n. Pyramids
b. Crystal system o. Rhombohedra
c. Appearance p. Plates
d. Cleavage q. Perfectly parallel elongation
e. Optical sign r. Indistinct
f. Temperature, °C s. Distinct
g. Rhornbic t. Distinct along (0001)
h. Tetragonal u. Perfect
i. Hexagonal v. Perfect in one direction
j. Monoclinic w. Melts incongruently at
k. Same x. Melts at
1. Needles y. At 540%, conversion to 4' form
m. Prisms
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Fig. 73. Phase diagram of partial system Na9C)'
5j02 - - PbO. SiO2 (from Krakau and colleagueg).

Key: a. Njole /
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Fig. 7 6. Phase diagram of partial
system Na 2 0- S'02 - - 3Pb0 23i0 2
(from Krakau and colleagues.).

Key: a. Mole 0%
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K 2 0- PbO -- SiO2

The system has been studied by Geller and Bunting [2]. In accordance

with the diagram presented (Fig. 77), four ternary compounds of a complex

stoichiotnetric composition have been found: K20- 2PbO 2SI 2 , K2 0. 4PbO 3SiO2 ,

S ) K2 0- PbO. 4SiO2 and 2K20- PbO- 3SiO2 . It is interesting that, in the Na 2 0 -2

PbO -- SiO2 system, in which many compounds alsu are found, their compo-

sition is completely different from that of the lead-potassium silicates.

The compotuds 1:2:2, 1:4:8 and 1:1:4 melt congruently at 918, 779 and

757 . Compound 2:1:3 melts incongruently at 7350, with crystallization of

compound 1:2:2. The authors assert the existence of a fifth, more acid com-

pound of unknown formula, melting incongruently at about 7500, with cry.3tal--

lization of silica.

In study of glasses, phase separation was found below the line of

PbO -- K20. SiO2 , in the region adjacent to K20. Viscosity of melts of the

system was determined by Frohberg and Rohde [1].
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TABLE 1

INVARIANT POINTS OF K(20 -- PbO -- Si) 2 SYSTEM

Rio ho S10

K30O2PbO 2Si02a+j~jcoc e 61- lefnue 14.3 67.5 18.2 918K20 -41'bO .8SiO.+NWscTb 1P 6.4 60.8 .32.8 779
1%2 0.P1140 +NiO:ýMAVKCOC 0 16.9 40.0 43.1 7572I9,O PbO -3Si63 ,+MM1(KCM Ilntwm01py- 31.8 377 30.5 7354

() Key:
a. Compound e. Liquid
b. Process f. Melting
c. Composition, weight 0/ g. Incongruent melting
d. Temperature, *C

DOUBLE EUTEC TICS WITHIN K20 PbO - - 5i02 TERNARY SYSTEM

q b Comoa.a~ see*aau ~ Tcnarpa.

K, 2i, K0-V0 2i2+:nnmd 27.2 I38.0 3M. 806KO2S(J.il.OPh34So,,i,,~~m22.6 I31.8 45.6 740K '~f,+; PO.'SO )~-m 2.3.51 16.5 60).0 715 1-5
Si,+~OPb.~if.+ic~tcm12.6 0. Is 57.0 718K.(i.4PbO .8810,l+K,1j .'bO .4SiO:+;i~itAKot 11.5 50).7 317.8 719

K;-PO2iSK0ill.sO+It~ko~ 16.0 49.3 3S.7 71t;

Key:
a. Phases c. Temperature, *C
b. Composition, weigtt %/ d. Liquid
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TABLE 3
TRIPLE INVARIANT POINTS OF K(20 -- Pbo S- SO., SYSTEM

alb C. Coc'an..ac. 6",
U ~ ~ 03 fponcc CMaI,

I K.O.Si4).+K,0O.2SiO,+ mna 4

+2: 1: 3- ;iugiucm -t M 39 725 C?)
2 K20bSiO 8+2 -1:31-- 37 27 .36 -

3 2:1:34+K20-25i02+ - 0 28 3 -

+1 :2: ;WC6
4 X20O.2SiO,+K 20.4SiO2+ laapirem'a 28 16 58 711.1

+1 1 :4+M.rnWci4"

.. l~ottc COMB, se-C. % . m

Kt0 PbO 30

5 ,-SO+ 4 J-36TneRTIMr, 18 19 6.3 -

6 t11: 4+1?+SiO2+MXnIA. 14 I) 39 U5 -

7 t1 :1:4+?+1 :4: 8+,,wj - 10 43 47~ 700 '5
.4: 8+Si~a+?+,wn%1-+ - 3.2 6-0.0 36.-8 742

9 1 : 4 : P.SSj#)2+Pbo.Sj0S+ - U.5 71.0 28.5 730
+;hnit310cTh.f

10 PbO .Sio 2+ :8 3.0 78.0 19.0 &67
-j2P1OSiOQ ;uoT

11 t. 2: 24-1 PhO .5iO~ + 1.5 91.7 6.8 705

12 PIMO .S802+21'bW -Sio 2+ - 1.8 88.0 10.2 693
+t: 2: 2+WWcM-fb

13 2Pb04,i0 1 +1 :2: 2+ - 5.0 7S.5 20.5 637
+1 : 4: 8+~WncHMf

14 1i:2: 2+ : 4: 8-1 - 11.0 59.5 29.5 082
+1 :1 --4";-;w;:uWoCmP.

15 1 :2:2+K G-28iO 3 + 2- 2')( 41.7 38.3 708
+1:1: t+.tR~~

Key:

a. Points (Fig. 77) e. Temperature, 0C
b. Phases f. Liquid
c. Process g. Eutectic

d. Composition, weight 7%
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TABLE 4

CRYSTALLINE PHASES OF K2 0 -- PbO -- SiO2 SYSTEM

A22

COW"=uu UPMCrAA- NGW3?C no Ni, NSmv Np 2V*qvin

K2 0'2PbO-2Si0 2 I'eieharo- - - 93- 1.72 0 1-E8II~riUQ

KO.4PbO.8810 ? h -- 1.79 -- . 0 (--
K'O.PbO.4SiO2  ? Iacrha . 1 .65 1.612 1.69 0 5 (+7 )

: O, Ups--Spoyroab-

O'PbO'3S102 ? lacTU-- - " -- --

S"exaneCv-.4 ? To meo - IW t.65 1.64 o (-)

Key: ]
a. Compound g. Hexagonal A

b. Crystal system h. Plates
c. Appearance i. Rectangular grains
d. Cleavage j. Same
e. Optical sign k. About
f. Phase of unknown composition

BIBLIOGRAPHY

1. Frohberg, M.G., W. Rohde, Glastechn. Ber., 37, No. 10, 453, 1964.

2. Geller, R.F., E.N. Bunting, J. Res. Nat. Bur. Stand., 17, No. 2, 283,
1936.
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MgO -- PbO -- SiO2

The system has been studied by Argyle and Hummel (1], predominantly

in the subsolidus region. The study was limited to a temperature of 9000.

Some mixtures (adjacent to the SiO2 apex) were heated in closed, platinum

tubes (pressure 5000 psi).
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Fig. 7/8. Diagram of subsolidus phase relationships of
MgO -- PbO -- SiO2 system (from Argyle and Hummel).

Key:

a. Phase separa'.icn
b. Glass formation

c. Absence of glass formation
d. Mole %

One ternary compound was found 2PbO. MgO" 2SiO2 , which melts con-

gruently at 8320. This compound forms solid solutions with 2PbO SiO2 ,

3PbO. 2SiO2 , PbO SiO2 MgO" SiO2 and SiO2 . A schematic phase diagram

with concentration regions, of which glass formation, the absence of glass

and phase separation of the liquids are characteristic, is presented in Fig. 78.

Two pantial binary prouiles are presented in Figs. 7/9 and 80.

-2120-



IT77- T-7-7"11 777 ý7

-We,~ 4

w0 40 soS~tl

Fig. 79. Diagram of phase relationshipE of 2PbO* MgO.
2SiO2 - - PbO- SiO. partial system (from Argyle anid

Hummel).

Key: a. Mole Jo'

,W L ~ 2Wi 2

Zb0J-02Si(mp.+ S

1^00

0 20 40 60 8 0

zrbot1lo Z "b0Si;,ii% Oa zPbOSi

Fig. 80. Diagram of phase relationships of 2PbO-
MgO 2SiO2 - - 2PbO- Si0 2 partial system (from

Argyle and Hummel).

Key: a. Mole
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It was determined, by means of density neasurements, that a cation

deficit is characteristic of the solid solutions. The most extensive region of

solid solutions is observed in the 2PbO" MgO- 2SiO2 -- PbO. SiO2 series; a

constant PbO: SiO2 ration is present there. This ratio is of decisive importance

for formation of solid solutions.

Billhardt [2] considers that the ternary compound existing in the system

is a magnesia barysilite, with the formula 8PbO- MgO. 6SiO2 , and he described

a X-ray photo, similar to that obtained by Argyle and Hummel for the ternary

compound. Further research is necessary to precisely determine the formula

of the magnesium lead silicate.

BIBLIOGRAPHY

i. Argyle, J. F., F. A. Hummnel, Glass Industry, 46, No. 10, 583, No. 12,
710, 1965.

2. Billhardt, H.W., Amer. Mineralogist, 54, No. 3-4, 510, 1969.

_BaO -- PbO -- - 2

The system has been studied by Argyle and Hummel [1], predominantly

in the subsolit.us region (up to 12000). The existence of two ternary compounds

has been established: PbO BaO- 2SiO2 and 3PbO" BaO 2SiO. The compound

PbO" BaO" 2SiO2 forms solid solutions with PbO- SiO 2 and BaO" SiO2 . A con- j :4

siderable area of solid solutions based on 2BaO. SiO2 (in a series with 2PbO. .

SiO2 ) has been established. The authors have determined the concentration

region in which transparent glass is obtained. Phase separation of the liquids

is observed near the silica apex. Glass-forming and nonglass-forming regions

and the phases existing in the subsolidus region are shown in Fig. 81.
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Fig. 81. Diagram of subsolidus phase relationships
of BaO -- PbO -- SiO2 system (from Argyle and Hummel).

Key:

f a. Phase separation c. No glass formation
b. Glass formation d. Mole %
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Fig. 82. Diagram of phase relationships of PbO" SiO -

BaO. SiO2 partial system (from Argyle and Hummel).

Key: a. Mole 16
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Fig. 83. Diagram of phase relationships of 2PbO- SiO 2t, , 2BaO* SiC)2 partial system (from Argyle and Hummel).

Key: a. Mole To

A phase diagram of the pseudobinary system PbO- SiO2 -- BaO* Si0 2 is

presented in Fig. 82. In the compound PbQ- BaO- 2 SiC), 45 mole Jo of the

BaC) is replaced by lead oxide and 25 mole 16 of the PbQ is replaced by barium

oxide. The pseudob~iary pr'ofile 2PbQ. SiC)2 - - 2BaO SC) is presented in

Fig. 83. The authors draw attention t,) an anomaly in the change of interpiane

distance d of the solid solutions at 30 mole 76 2PbO* SiC)2 , whiýk~ is connected

with conjectural structural conversions.

The phase diagram of the partial system 2PbO- SiO2 - - 2BaO* 3 SiC 2 is ,

characterized by the presence of the compound PbO- BaO, 2SiO. The com -

pound PbO- 3BaO- 4SiO2 to which Butler and Cassanos referred [2), was not

found.
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•- MANGANESE SILICATE SYSTEMS

S~Na20 -- MnO -- SiO2

2 2k

•- • Hay and colleagues [11 have studied the portion of the system adjacent

• to the •iilica hpex. A diagram of the liquidus surface of this part of the system,

with the boundaries of the region of existence of two liquid phases plotted, is

depicted in Fig. 8,. One ternary compound is found here Na20- MnO- 2SiO2,

which melts with decomposition into tephroite and liquid. The immiscibility

region is located in the MnO" SiO2 field. Five tie lines are shown here.

The two layers formed in samples quenched from 12000 were isolated

aieparately, and a chLmical analysis of each layer was carried out; in one of

the layers, for example, the outer layer has the composition (weight %) 41. 5
MnO, 10 Na 2O and 48.5 Si0 2 and the inner layer, 50.4 MnO, 4 Na 2 0 and

45.6 SiO2 .

The miscibility discontinuity apparently has an upper limit at tempera-

tures above 1300-1350*.
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SiO 2 -- 56 weight 76. At point M (15360), high-temperature enstatite and

rhodonite solid solutions and cristobalite a~re found ip. eqLi' lbrium with a

C) liquid of the composition MgO -- 32, MnC) - - 5 and SiO2 - - 63 weight 16. At

point E (1538*1', an olivine solid solutiozu is in equilibrium with rhodomite,

high-temperature enstatite and a liquid n~f the comiposition' MgO -- 36, MnO--

5. 5 and SiO2 -- 58. 5 weighit To.

06
qz. 2~, 4~% 20!I

S 5 o

200 #iO l0 80

Fig. 85. Phase diagram of MgQ J- MnO -- SiO2 system

(from Glasser and Osborn).2

Key: I
a. Two liquids e. Rhodonite
b. High -temperature enstatite f, Olivine
c. Cristobalite g. Solid solutions
d. Tridymite h. Weight %S
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A diagram of an orthosilicate binary system is presented in Fig. 86.

Mn 2 SiO4 , identical with natural tephroite, melts congruently at 13450.

OO

0900

0 A

300 20 4d 60 N 00f

4192S1L4 kIný.SiO0.8ec.%b &YALi(_)

Fig. 86. Phase diagram of partial
system Mg2 SiO4 -- Mn 2 SiO4 (from

Glasser and Osborn).

Key:

a. Olivine
b. Weight %

A phase equilibrium diagram of MnSiO3 -- MgSiO 3 , according to Glasser

3and Osborn [2), is presented in Fig. 87. Rhodonite solid solutions form a

continuous isomorphic series from MnSiO3 to 94.5 weight % MgSiO3 at solidus

temperatures. At a temperature of 13000, the rhodonite solid solution contains

only 78 weight % MgSiO3 . During the investigation, the presence of a very

narrow, two-phase region (solid solution of high-temperature enstatite - solid

solution of rhodonite) was discovered.
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Fig. 67. Phase diagram of partial system MgSiO3 --

Mni3(from Glasser and Osborn): A. 15950; B.

-*15570; C. D. E. 15380; F. G. 15330; H. 14250; J. K.

13330; L. 12910

Key:

a. Olivine
b. High-temperature enstatite solid solutions
c. Rhodonite
d. Tridymite
e. Enstatite
f. Weight Io

SiQ 2 gives two compounds with MnQ: MnSiO 3 (12920) and Mn 2 Si0 4

(13450); the latter is identical to the Mn-olivine, tephroite. MnSiQ 3 is not

isostructural with a single one of the three forms of MgSiO 3 or with a single

one of the forms of CaSi0 3 ,
-130 -



MnSiO 3 polyaiorphism has been studied by Liebau and colleagues [3, 41,

according to whom there are three modifications of manganese metasilicate.A

Iry MnSiO3 (triclinic) is stable at room temperature and is structurally identical

to the natural mineral rhodonice, which is a five-fold infinite chain of [SiO4
041 4

tetrahedra. At 1160%, YMnSiO 3 changes to the 0 modification, which is iso-

typic with the natural mineral bustarnite (triclinic crystal system), and the

latter, in turn, is close in structure to wollastonite (three-fold chain of

silic ate tetrahedra).

gf MnSiO3 is a metastable phase at normal pressures and in all tempera-

tures, and it is isostructural with pseudowollastonite.

( ~ X-ray data from Liebau for MnSiO3 are presented in the table.

LINEAR PARAMETERS OF MnSiO3 MODIFICATION UNIT CELLS

. .. .. .. .. .. 6.71 7.6, 12.3,
POX t .IhHp? w ITPA itC 19 iUwr. ;* CaSiO3 b. . 6.68 7.66 f2.290

BYTMMIit 11PnpoA1Inua 2. X 7.73 7.18 2x6i.'o
~-P~u~cc~~w ~ipo~'ii7.94 7.32 7.07s

Key:

a. MnSiO3 imdification
b. Natural i-hodonite with 19 molu 16 CaSiO3
c. Natural bustamite
d. Natural f wollastonite

No manganese compounds analogous to Ca3 Si 2 O7 or Ca 3 SiO 5 have been

found in the ternary system []

-131



BIBLIOGRAPHY

1. Glasser, F.P., Silikattechnik, 11 No. 8, 362, 1960.

O 2. Glasser, F.P., E.F. Osborn, J. Amer. Ceram. Soc., 43, No. 3, 132,
1960.

3. Liebau, F., W. Hilmer, G. Lindemann, Acta crystallogr., 12, No. 3,
182, 1959.

4. Liebau, F., M. Sprung, E. Thilo, Zs anorgan. allgem. Chem., 297,
No. 3-4, 213, 1958.

CaO -- MnO -- SiO2

A diagram of the ternary system, according to Glasser L21, who used

an atmosphere with a low oxygen partial pressure to maintain manganese in

the divalent form, is depicted in Fig. 88. There are three ternary liquidus

minima, with the following CaO, MnO and SiO2 content (weight 76): 1. 5.0,

48.4, 46.6; 2. 17.5, 45.0, 37.5; 3. 15.0, 53.0, 32.0, and temperatures of

1256, 1195 and 12040, respectively.

Of the eleven crystalline phases, six have a variable composition: two

metasilicates, based on 0 CaSiO3 and MnSiO3 8 three orthosilicates, based on

&Ca2 SiO4 , d' Ca 2 SiO4 and Mn 2 SiO4 , and a (Ca, Mn)O phase. There is no

Ca 3 SiO5 in the ternary system in contact with the liquid: it disappears at

t > 17001, as a result of t.e peritectic reaction Ca 3SiO5 -4- liquid -

cf (Ca, Mn) 2 SiO4 + (Ca, Mn)O + liquid. Mn 2+is concentrated preferentially,

in the distribution between the existing phases, in the more basic phases.

Ca 3 Si 2 0 7 and Ca 3SiO5 do not accept appreciable amounts of Mn in their

lattices. Below 12500, Ca 3 SiO5 gradually (7-10 days) changes to Ca 2 SiQ4 and

(Ca, Mn)O solid solutions.
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Key:

a. Two liquids e. Rhodonite
b. Cristobalite f. Tephroite
c. Tridymite g. Weight To
d. Wol-lastonite

Partial orthosilicate profiles are presented in Fig. 89a and b. A

glaucochroite phase composition, the natural analog of which is isostructural

with olivine, is shown by the vertical dashed line.
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Key:
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According to Hurlbut [6], for tephroite, a - 4.90, b 10. 60 and

c 6.25 A, and for glaucockiroite, a = 4.92, b - 11. 19 and c 6.51 A.

Of the three orthosilicat,3 phases, Y Ca 2 SiO4 , CaMnSiO4 and Mn 2 SiO4 ,

the latter two form comp]etely isomorphic mixtures. A 'arge two-phase

region exists between YCa 2 SiO4 and the region of olivine solid solutions of

the Mn 2 SiO4 -- CaMnSiO4 type [1, 3]. With respect to limited solubility, these

data contradict the early works of Greer [5], who observed a broader iso-

morphic replacement.

The high-temperatare form of Ca 2 SiO4 includes 20-25 weight % Mn 2 SiO4

in solid solution [1, 3]. Mn 2", replacing Ca, stabilizes the high-temperature

form of Ca 2 SiO4 .

Goldschmidt and Rait [4], in a reducing medium, obtained manganese

merwinite, having a perovskite structure.

A diagram of the phase interrelationships in the partial system CaSiO 3 --

MnSiO3 1 according to L. Glasser [3], is presented in Fig. 90. The dashed

line designates the subsolidus interrelationships between johansenite and

wollastonite, which are similar to those between hedenbergite and wollastonite.

Johansenite synthesis was not successful. The upper limit of its stability

region (5780) is based on data of decomposition of the natural mineral.

Liebau and colleagues [7, 8], studying the phase relationships in the

MnSiO3 -- MnCa(SiO3 )2 system, established the presence of three types of 4

solid solutions: pseudowollastonite, based on jMnSiO3 , bustamite, based on

) MnSiO3 and rhodonite, based on y MnSiO 3 . In the latter, the Calio 3 content

is limited to 20 mole %. The high-temperature forms of C( and p MnSiO3 form

a continuous solid solution with CaSiO3 . The optical properties of the meta-

silicates of the solid solutions have been studied by Suie'dus [9] and Voos ([10].
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Key:

a. Fseudowollastonite
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c . Tric-ymite
d. Johansenite
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f. Weight To
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FERROSILICATE SYSTEMS

Na 2 0 -- FeO -- SiO2

The system has been studied by Carter and Ibrahim [1]. One ternary

compound, melting incongruently at 9750, has been found, which could be

considered to be alkaline fayalite. A phase diagram is presented in Fig. 91.

There is a remarkably strong drop in the melting temperature (by several

hundred degrees), upon addition o 1i 0 Na 2 0 total to a FeO + SiO2 mixture.

Carter and Ibrahim present a number of diagrams of partial binary sys-

tems, of which 2FeO. SiO2 -- 2Na 2 0. SiO2 (Fig. 92) and 2FeO. Si 2 -- Na 2 O.'

SiO2 (Fig. 93) are not true binaries.

A phase coexistence triangle (referred tc room temperature), dividing

the diagram into suven phase triangles, in each of which three phases are

present, is presented in eig. 94: in the first triangle, Fes3iO4 4 Na 2 0-

2SiO 2 + SiO 2 ; in the second, FeO + Na 2 0-2SiO2 + Fe 2 SiO4 ; in the third,

FeO + Na 2 0. FeO- SiO2 + Na 2 0* 2SiO2 ; in the fourth, Na 2 0- FeO. SiO

Na 2 0. .sO2 + Na 2 0" 2SiO2 ; in the fifth, Na20. FeO. SiO2 + 2Na 2 0. 5i0 2 +

Na 0O S'02; in the sixth, FeO +-2Na2 0. SiO2 - Na 2 0. FeO- SiOC) and, in the

seventh, FeO +- Na 2O -0- 2Na20. Si022 .
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INVARIANT POINTS OF Na2 0 -- FeO -- SiO2 SYSTEM

ab c.aI WC~.. e

o i
' Inw ec I TI ' lpn

A N.O.2SiO,---2FeO.SiOa+ j3nmXw, a • OnponoW0i HWHe 500

11 FeO \f,)..Si4)-'gFeO. f 18.5 35.5 46 G67

C FeO'Na 20"FcO'SiO,+ 4 23 35.5 41.5 703
D N+Nis20 -2SiO 2+mnuwCmCD) NazO.SiO+Na.O-FCO- h Peanklm 26.5 29.5 44 724

.SiO 2+NaO .'2SiO 2+,i-

E 2PFL. SiO2 +NvO. 28i02+ Buaiap.an 18 33.5 48.5 675
+;Kf!tU1-nC -or armcnima

F FeO+-Na.O.2SiO2 +;aw,,•- . To me 22 36 42 720

S& Na -O.FeO.SjOs+NaO. N • 40.5 19.5 40 M3X
•*S1iO•+,iaicm3. 3.

H FtO+N.2 O. t.O.S&O,- h1eann:u 32 36.5 11 97,

Key:

a. Points (Fig. 91) g. Eutectic
b. Phases h. Reactions
c. Process i. Binary eutectic
d. Composition, weight % j. Same
e. Temperature, *C k. Determined approximately
f. Liquid 1. Below 500

BIBLIOGRAPHY

1. Carter, P. T., M. Ibrahim, J. Soc. Glass Technol., 36, No. 170, 142,
1952.

K20-- FeO-- SiO 2

The system has been studied by Roedder [1), in the region encompassing

compositions with the K2 0:SiO2 ratio < 1:2. The melt contains Fe 2 0 3 , the

amount of which reaches 6 weight % in the region rich with FeO. Tw€o ter.ary
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compounds have been found: K20, SeO" 3SiO2 and K20. FeO. 5SiO2 . A diagram

of the phase relationships, under conditions of equilibrium with metallic iron,

is presented in Fig. 95. Crystals of K20" FeO. 3SiO2 form round, colorless

grains, with an average index of refraction Nm - 1. 575 and birefringence on

the order of 0. 01; they melt without -lecomposition at approximately 9000.

Crystals of K20. FeO. 5SiO2 form isotropic, birefringent grains, with an

average index of refraction Nm 1= 1. 535. An anomalous interference color

with reddish and bluish tones sometimes is observed. The compound melts

without decomposition at about 9000.

LYeD Sii,,,

• _z ,o~,u._i

1470!di~'I

SiO2 system (from Roedder); all iron oxides are assumed

to be FeO.
-Key:

,1 a. Wi'istite d. Cristobalite
b. Fayadite e. Two liquids
c. Tridymi mte f. Weight %o
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MgO -- FeO -- SiO

The system has been studied in detail by Bowen and Schairer [4], by the

quenching method. The tests were preformed in an iron crucible in a stream

of nitrogen. Quantitatively, Fe20 3 reached 2 % (close to Fe 2 SiO4 ). The

complete phase diagram of the system is presented in Fig. 96, from Osborn

and Muan [11], with certain temperature values refined. The phase ratios

for temperatures of 1550, 1450 and 11500, are presented in Fig. 97. Phase

( ) transformations in the system are seen graphically at the points designated by

letters. There is a considerable region of phase separation of melts in the

system, located close to the silica apex.

Phase diagrams of the partial systems Mg 2 SiO4 -- Fe 2 SiO4 and MgSiO3 --

"FeSiO3" are -iven in Figs. 98 and 99. The complexity of the MgSiO3 --
33

FeSiO3 system is caused by the fact that pyroxenes rich in magnesium meta-

silicate (like MgSiO3 itself), melt with decomposition and liberation of a

forsterite crystalline phase. Pyroxenes containing a large amount of ferrous

metasilicate melt, with crystallization of tridymite or cristobalite. According

to Bowen and Schairer, at liquidus temperatures, pyroxene solutions contain-

ing at least 55 mole % FeSiO3 can exist. At lower temperatures, solid solu-

tions containing up to 84 mole % FeSiG3 become stable. Noting the prevalence

of rhomnbic and not monoclinic pyroxenes of the MgSiO3 -- FeSiO3 series in

nature, Bowen indicptes that the latter are stable only at high temperatures,

and that monoclinic and rhombic pyroxenes are enantiotropic forms, with an
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Key:
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g. WeightJ
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inversion range of 995-1140o. The temperature of conversion of enstatite

(MgSiO 3 ) into clinoenstatite is 11450, and it decreases with increase in ferrous

oxide content in the crystal solution (Fig. 99). The lowest temperature 9950

corresponds to solid solutions, which are richest in iron silicate. A triple

eutectic between the olivine, pyroxene and tridymite fields, with a melting

temperature of 13050, has the composition: MgO -- 9, FeO -- 46, SiO2 -- 451 "

weight %. Sahama and Torgeson [13] and Mueller [7, 8] have taken up problems

of thermodynamic treatment of solid solutions in the MgO -- FeO -- SiO2

system. The indices of refraction of the olivine and pyroxene solid solutions

are presented in Tables 1 and 2.
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a. Olivine .
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TABLE 1.
INDICES OF REFRACTION OF Mg2 SiO4 -- Fe2 SiO 4

SOLID SOLUTIONS

0. Fe2S1O4  Ng Nm { P Z2p Z

too 1.875 1.864 LJQ24 1
g0 1.9118 1.835 1 -(s
75 I.3(1 !.794 1.7t62 4

so 1.752 1:738 1.712
25 1.709 I - 1.6711

'*'I"I I 1.657 4 6.359 I +81

Key

a. Composition, weight lo Fe SiO4

2 4'
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a. Olivine e, Rhombic pyroxenes
b. Clinupyroxene f. Quartz

c, Cristobalite g. Weight %i
d. Tridymite

Akimoto and colleagues [2, 31 have shown that, at pressures when iron 1

~siicate becomes a stable phase, i. e. , 17.4 kbar, there is a continuous series

of MgSiO3 - - FeSiQ3 solid solutions. The pressure at whieh the cc.-'respond-

i~ngMg-Fe pyroxenes form can Le calculated from the formula P 109x-92

kbar (where x is the mole fraction of FeSiO 3 in the pyroxeiie). Thus, for

x 0. 90, tepressure will be 6 kbar.
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TABLE 2

INDICES OF REFRACTION OF MgSiO3 -- FeSiO3

SOLID SOLUTIONS

COmsa, sm.%1 L£ SO, Ng A'm. Np 21' rwen"

0 1.08 1.653 1.0• -o +3f 3.1.5
13.2 1.075 1.670 1.006 +84 3.29
25.0 -t.700 1.689 1.682 -82 3.37
47.0 1.731 1.728 1.715 -63 3.49
64.2 1.739 1.734 1.723 -48 -
83.7 1.763 1.756 1.746 --

Key:

a. Composition, .1eight % FeSiO3

b. Density, g/cm

Riagwood and Major [12] have studied transformation of the solid solu- :1
tions of the MgSiO 3 -- FeSiO 3 series under high pressure conditions. Pure

FeSiO3 at a pressure of 130 kbar is transformed into Fe 2 SiO4 (spinel) and

siO2 (stishovite). Solid solutio,.s with a high FeSiO3 content (up to a compo-

sition (Mg 0 . 5 Fe 0 . 5 )SiO3 ). at a pressurt of 180 kbar, is completely transformed

into a mixture of spinel + stishovite. With a higher MgSiO3 content, pyroxene

is found, in addition to spinel and stishovite.

Akimoto and Fujisawa [2] have determined the maximum concentration

of Fe 2 SiO 4 in spinelide and olivine solid sAutions (Mg, Fe)2 SiO4 . At a ten.-

pci-atare of 800° and pressures between 45 and 95 kbar, the mole fraction of

Fe 2 SiO4 in the spinel phase equal. 0. 73 and, in the olivine, 0. 37.
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A thermodynamic study of the coexistinig olivine and pyroxene solid

so~lution has bean done by Nafziger and Muan [9]. Acccrding to Olsei:

0and Mueller j10), an increa-se in MgSiO3 content in the solid solution reduces
34

the equilibrium pressure for the reaction forming rhombic pyroxene (Mg, Fe) SiO 3

from iayalit6e and quartz.

-P Ptase equilibrium constants for the system are introduced by Kern and

Weisbrod [51].

Berezhnoy [11 produced only a provisional triangulation of the system,

assuming the coexistence of FeO and Mg SiQ4 ae' well as o± Fe,,SiO and
244 4

MgSiO.
-3
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CaO -- FeO -- SiO2

The initial data on the system were obtained by Konstantinov and

Selivanov [3]. The system 'ias been studied in detail by Bowen and colleagues

[5, 16]. Three ternary compcund3 have been found: 2CaO FeO 2SiO2 ,

ferruginous ockermanite; CaOQ FeC" SiO2 , ferruginous monticellite or

kirsteinite; CaO- FeO. 2SiO2, heaenbergite. The results of Bowen and col-

|-) leagues are presented in the form of three partial systems: CaSiO 3 -- CaFeSiO4

(Fig. 16"), CaSiO3 -- "F•SiO 3 " (Fig. 102) and Ca 2 SiO4 -- Fe 2 SiO4 (Fig. 103).

Solid solutions "ormed between the following compounds: hedenbergite and

ferruginous monticellite, fex raginous montdcellite, fayp.L'te (2FeO- SiO 2 ) and

dicalcium silicate (2CaO- SiO2 ), hedenbergite and wollastonite (CaO- SiO2 )

) and hedenbergite and iron metasilicate ("FeSiO3 ").

L3

WUr

1400 CcreSiO,ML
?4

P-ra-OSi;OCareSX,,

ý70 .eo ;J .Carso
404

~casi eO 2S02  'Ca"eSiO4

Fig. 101. Phase uk..gram of partial system CaO" SiO2 --

CaO" FcO- SiO2 (from Bowea and colleagues).

Key. a. We- ht Jo
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Key:

Ua. Cristobalite
4b. Wollastonite

c. Tridym~ite
d, Olivine
e. Hedenbergite
f. WeightJ

Phase diagram s f or the partial system s 2 CaO* SiC) - FeC) and CaC)

FeC) S'2 - - FeC), obtained by Allen and Snow [41, are introduced in Figs.

104 and 105. The data of other authors were taken in plotting these diagrams.

A complete phase diagram of the CaC) - - "FeQ" - - SiC) system, plotted

) by Osborn and Muan [15], taking account of work performed up to 1960, is

presented in Fig. 106.
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S) Lindsley and Munoz [ii], in studying the partial system CaFeSi2 06 -

FeSiO3 , obtained data introducing ce-tai additions tb the diagram of proiosed r

by BowBen and colleagues. The au)hors directed attention to the reaction.
FeSiO3 -ricb hedertergit# -I- FeSiO3 -poor !:eenbergite =fayalite (olivine' -

quartz (or tricymite). ThAo psitions of the Fe characterizing the equilibrium i

of this reaction is shown in Fig. 107.

Lindsley and colleagues [10] , ave studied the hedenberste solid solution

S(hedenbergi.te clinopyroxene) - - woilastonite solid solutioih inversion, as a
function 3f pressure. Data on tht quartz-tridymite inversion were taken fromps

Li Kennedy and colleagues [8].

- Il4 -



IrI

635C

7COOSio4setX-7u, -.Z

70 80
ZUGC.Si4 rbe% FeD
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2CaO-iO2 - - FeO (from Allen and Snow;

curve A, from Osborne and Muanj.

Key:

a. Amount of Fe2 0 3 in liquid, weight %
b. Wustite
c. Weight %

Lindsley (9] has studied the phase transformations of hedenbergite

CaSiO3 FeSiO3 , as well as the solid solutions of the latter with ferrosillite

(FeSiO3 ), under high pressure conditions. The results obtained for hedenbergite

are pi'esented in Fig. 108. The tests were conducted undc•r conditions of

equilibrium w.tn metallic iron, and the presence of Fe2 03 was disregarded.

A phase diagram of the CaFeSi2 6 - - FeSiO3 system, for a pressure of 15

kbar, is presented in Fig. 109. The phases which are stable at hi.gh pressures

4 (over 10 kbar) are pyroxenoid and clinopyroxene.
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Key:

a. Amount of Fe2O 3 in liquid, weight %
b. Wustite

.) c. "FeO" in ternary system, weight %

Lindsleyand Munoz [12] have studied the subsolidus region of the system

Ca0. 5 0 Fe0 , 5 0 SiO 3 -- FeSiO3, under conditions of reduced (2 kbar and below)

and increased (20 kbar) pressures. At 20 kbar, two coexisting pyroxenes,

orthopyroxene and clinopyroxene, were found as independent phases. Ortho-

pyroxene has the approximate composition 95 mole % FeSiO3 4- 5 mole% 7i

CaSiO3 . The composition of clinopyroxene under high pressure conditions

is variable, and it changes from 60 mole % FeSiO3 + 40 mole % CaSiO3 at i

.. .• 8000 to 92 mole % FeSiO3 -- 8 mole % CaSiO3 at 9500.
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of 0 kar nd igers) whic peromite ecigpr e LindsleyanMu.
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of the hedenbergite (Ca 0 . 5 Fe0 . 5 SIO 3) - - ferrosillite (FeSiO3 ) profile.
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Fig. 108. P-t diagram for hedenbergite

(from Lindsley).

Key:

a. Wollastonite
Y b. Hedenbergite

c. P, kbar

Bas'yas [1,2] proposes cousidering the compound Ca 3 Fe(SiO4 ) 2 (a

merwinite analog), in the Ca 2 SiO4 -- Fe 2 SiO4 series of solid solutionsas a

chemical individual with a melting temperature of 12500.

Wyderko and Mazanek [17] have studied the index of refraction, density

and microhardness of solid solutions of the isomorphic series Ca 2 SiO 4 --

.--. Fe 2 SiO4 (up to a cuntent of 59 weight % Ca 2 SiO4 ). The indices of refraction

( decrease from values Ng = 1. 880, Nm = 1. 868, Np 1. 830 (for pure
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Fig. 109. Phase diagram of partial system
hedenbergite -- ferrosillite, for 15 kbar
pressure (from Lindsley): K quartz; KP
clinopyroxene; 0 olivine; P pyroxenoid.

Key:

a. Mole %

Fe 2 SiO4) to Ng = 1. 732, Nm 1. 720 and Np 1. 685 for the solid

solution containing 58.18 weight % Ca 2 SiO4 ; the density decrease~I corre-

3spondingly from 4.29 to 3.40 g/cm

Johnson and Muan [7], using data in the literature, plotted an approxi-

mate schematic diagram of the phase ratios (coexisting phase triangles) of the

CaO -- FeO -- SiO2 system at 10800 (Fig. 110). The authors determined the

activity of the components in the solid solutions of the system at 10800 (study

of the equilibrium ratios of CO2 :CO in the presence of metallic iron).
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Key:

a. Wollastonite
b. OlivineI

c. Weight

-161-



CRYSTALLINE PHASES )F CaO -- FeO -- SiO2 SYSTEM
2

CoCAUnCR ClmCm aaou I Zvn Np

2WaO.FeO.2BiO 2 (mmxanu oxepxam1nrr) Teparona.-4 1 .690 1.673
-an (?)

CaO .FeO .SiO, (meaecIat Moumm)jd PoM5wecan S 1.743 1.696
CaO .FoO .2Si6 (re90on6epmT) S Monomrnman •t 1.757 1.732

Key

a. Compound
b. Crystal system
c. Ferruginous ockermanite
d. Ferruginous monticellite
e. Hedenbergite
f. Tetragonal
a. Rhombic
h. Monoclinic
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ZnO -- FeO -- SiO2

The first study of the system wzs made by Chizhikov and colleagues [3].

The authors note the presence of trivalent iron in the melt. Ternary com-

pounds were not found.

Dobrotsvetov and colleagues 11, 2], carrying out the melting in sealed

iron crucibles, plotted an approximate phase diagram of the partial system

Zn 2 SiO4 -- Fe 2 SiO4 . It is seen fruom Fig. 111 that, at high temperatures, a

continuous "jeries of solid solutions forms and that, at decreascd temperatures

of 850-9000, decomposition of them takes place. The dashed lines indicate

the approximate nature of the diagram in thls region. At iow temperatures,
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two so.i- solution regions exist in the Zn2 SiO4 -- Fe 2 SiO4 system: 1. a

willemite base, with from 0 to 27 weight % Fe 2 SiO4 content ax~d 2. a fayalite

base, with from 0 to 25 weight % Zn2 SiO 4 content.

@150

1300

MlO.
1001

lion
7'I 01 Cd 4' P -0

Fig. 111. Phase diagram of
* ~~~partial system Zn2 SO

Fe 2 SiO4 (from Dobrotsvetov

and colleagues).

Key:

a. Weight %

TI, refraction of wil1emite increases significantly with inclusion of

iron in its structure, from Ne 1. 717 + 0. 001 and No = 1. 696 + 0. 001 for

pure "Aillemite to Ne -- 1. 745 ± 0. 002 and No -- 1. 715 ± 0. 001, with a 27

weight Tr. Fe2 SiO4 content in the solid solution. With inclusion of zinc in the

fayalite structure, the index of refraction of the latter decreases noticeably.
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MnO -- FeC -- SiO2

The system has been studied by a number of investigators (1-7,9, 101.

A three -dimtnsi onal model of the; phase diagram of the ternary systemi, from

J the data of Hay a~nd cc~ieaguies [5, 101, is presented in Fig. 112. The region

of two immiscible liquids ij seer. -vi,1 nere, as well as the trough- ahaped

* depression descending from the rho-.1onite-tephrolite eutectic (1208') to the

fayalite -SiO2 eutectic (11780).

V2

1-e SiON Ma

let?

Fig. 112. Three-dim~ensionaal model of MnO -

FeO - - SiO2 systew (from Hay and colleagues).

Key: a. Weight Jo
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A phase diagram of the MnO - FeO - SiO2 system, according to

Maddocks [6]. is introduced "n Fig. 113. The triple eutectic has the com-

position FeO -- 50, MnO -- 20 and SiO2 -- 30 weight % and a temperature of

11700. The composition FeO -- 36, MnO -- 36, SiO2 -- 28 weight % corresponds

to the point of the ternary pseudocompound knebelite, which enters the solid

solutiorn region aid is, as Maddocks thinks, tephrolitc saturated with faya-

lite.

Sio,

20r

F.ig. 1. Phase Ji.agram of MnO FeO -Si2

system (from Maddocks).

Key:

a. Two liquids
b. Grunerite

c. Rhodonite
d. Tephroite
e. Fayalite
f. Knebelite
g. Weight %
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A possible diagram of the partial system *"FeO" SiO2
1 -- MnO. SiO?2

according to White [10], is given in Fig. 114. Since pure FeSiO3 does not

(9 exist, tridymite and olivine are distinguished in the left side crf the protile

instead of it.

IcL

6... .rp&rm*.....

&V, -
t2V $t' • " '., .3

Fig. 114. Hypothetical phase diagram of
partial system "FeO- SiO2' -- MnO" SiO2
(from White).

Key:

a. Cristobalite
b. Tridymite
c. Olivine
d. Rhodomte
e. Weight %6

A phase diagram for the orthosilicate profile, according to Carter L

is presented in Fig. U15. Fayalite xid tephrolite form a continuous series of

solid solutions. Judging from this diagram, knebelite should be one of the

members of the solid solution, and not an independent compound. However,

the temper.atures of the start and end of melting of the solid solutions in this

- 167 -I' 4
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system are difficult to determine accurately; therefore, Carter et al accept

a modified phase diagram for the orthosilicate profile.

&OJaxnwm meqrnaum.rvp.

I' pI

a 400
a2re SIq b &A,.% ZAnO si 2

( ) Fig. 115. Phase diagram of partial system
2FeO. SiOc -- 2MnO.SiO2 (from Carter and
colleagueA .

Key:

a. Fayalite-tephroite eolid solutionb. Weight 0/

Scimar (91. applying the laws uf thermodynamics to the existing data in

the literature for the Y,>-O - - MnO -- SiO 2 s~stcni, .-. tt rmined the shape and

position of the isoactivity curves of FeO, MnO and SiM2 in this system, which

Ls important lor stuJy oZ th,, equilibrimrn- betwee:i liquid steel and slag.

Ribuud and Muan [7] have studied the phase ratios in the 2FeO. SiO2 --

FeO. SiO A' riO. SiO2- 27,FnO" SiO region and the iron oxide ("FeO") -

MnO" SiO2 syslem, by t~ie querr.hing nmethod, under strcngly reducing conditions,

in a mixturf, of gases consist*ag of ecual parts ot CO2 and H... The liquidus
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Fig. 116. Dia..rarn of phase ratios for FeO"
SiO2 -- !"K10- SIO2 profile (from Riboud andjj~14 u .2±an).
Key:

a. Tricymite
b. Olivine
c. Rhodonite Ai
d. Weight

and solidus temperatures of the majority of the mixtures studied were between

1173 and 13450. A diagram of the phase ratios for the FeO SiO2 -- MnO"

SiO 2 profile is given in Fig. 116. The diagram in Fig. 117 represents a

projection of the liquidus surface of part of the FeO -- MnO -- SiO 2 system

in a CO2 and H2 (1:1) atmosphere. Fig. 118 illustrates the phase ratios for

a series of isothermal sections in the FeO -- MnO -- SiO2 system, in an

atmosphere of a mixture of CO. and H (1:1).

Cameron 12] has plotted an equilibrium diagram of the oxygen potentials

in the Fe -- Mn -- Si -- 0 system at 1600*.
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Fig. 117. Phase diagram of part of FeO
ZI'nO -- SiO2 system in at atmosphere con-

-ta-ning C02 and H2 in a 1:1 ratio (from
Riboud and Muan).

Key:

a. Tridymite
b. Rhodonite
c. Olivine
d. Manganow~istite
e. Weight %

Schwerdtfeger and Muan [8], determining the CO/CO2 equilibrium ratio

in the gas phase, coexisting with a system of oxides and metallic iron, found

the activity of the components of the olivine (Fe2SiO4 Mn2SiO4) and pyroxenoid

(FeSiO 3 oMnSiOm3 solid solutions.ia
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Fig. 118. Phase relationships in FeO -- MnO -- SiO2

system, in an atmosphere containing CO2 and H 2 in a

1:1 ratio (from Riboud and Muan): a. 11700, b. 12400,

c. 13000; T. tridymite, R. rhodonite solid solution,

0. olivine solid solution, MW. manganowustite solid

solution; 1. T 4- liquid, 2. T + R -+ liquid, 3. T + R,

4. R + liquid, 5. R + 0 +liquid, 6. R + 0,

7. 0 + liquid, 8. MW + liquid, 9. 0 +MW -- liquid,

10. 0 + MW; I. T + liquid, II. 0 + liquid, III. MW +

liquid, IV. 0 +- MW + liquid, V. 0 + MW.

Key:

d. Weight %
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COBALT SILICATE SYSTEMS

MnO -- CoO -- SiO 2

(-) The presence of three series of solid solutions is characteristic of the

system: (Mn, CO)O, (Mn, Co)2SiO4 and (Mn, CoSO.Biggers and Muan [1]

have investigated the "activity- composition" for the orthosilicate and meta-

silicate solid solutions at 1200 and 1 250'° (study of equilibria in the presence

of metallic cobalt and a gas phase of a known oxygen potential). The authors •

() present a schematic phase diagram for 1200° (Fig. 119).

A partial Mn2SiO 4 -- Co 2SiO4 section is characterized by a continuous

series of solid solutions. The solid solutions in the MnSiO 3 -- CoSiO3 section

are limited, since CoSi03 is unstable at normal pressure.
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k.) Fig. 119. Diagram of phase relationships

of MnO -- CoO -- SiO2 system in the sub-

solidus region at 12000 (from Biggers and

Muan).

Key:

a. Mole %

BIBLIOGRAPHY

1. Biggers, J.V., A. Muan, J. Amer. Ceram. Soc., 50, No. 5, 230, 1967.

-174-

_ -- -- -



NICKEL SILICATE SYSTEMS

MgO -- NiO -- SiO2

The system has been partially studied by Grigorlyev (1, 2], Dilaktorskiy

[3,4] and Ringwood [7]. According to Grigor'yev, forsterite (Mg 2 SiO 4 ) dis-

solves 8. 52 weight % Ni 2 SiO4 , and enstatite (MgSiO3 ) dissolves 11. 8 weight

% NiSiO3 . According to Dilaktorskiy, NiSiO3 is included in the solid solution

of clinoenstatite (MgSiO3 ) in the amount of 12-15 weight % and of diopside

(CaMgSi 2 0 6 ), up to 15-18 weight To, and Mg and Ni olivines form a continuous

series of solid solutions.

An approximate diagram of the Ni 2 SO 4 -- Mg2SiO4 partial system ob-

tained by Ringwood is depicted in Fig. 12n; the components form a continuuus

series of solid solutions. Between 50 weight % Ni 2 SiO4 + 50 weight %

Mg 2SiO4 and 100 weight % Mg 2 SiO4 , the system is truly binary, with type I

Roseboom melting. Between 50 weight % Ni 2 SiO4 + 50 weight % Mg.Si,

and 100 weight % Ni 2 SiO4 , the olivine solid solitions melt incongruently, with

release of NiO. Within these limits,thethree-phasefield exists above the 7:
solidus, in which NikO and solid solutions of Ni 2 SiO 4 -- Mg 2 SiO 4 are in equi-

librium with the liquid. Within these limits, the composition of the liquid

175 -
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Fig. 120. Phase diagram of partial system

Ni2 i 4 -- M 2 SO (from Ringwood).

I (~)Key:
I a. Olivine

b. Mole%

phase is no. determined from the diagram. The upper boundary of the NiO

field is determined only provisionally (dashed line), as a consequence of

absorption of nickel by the platinum -rhodium heater- at high temneratures.

The indices of refraction (Ng and Np) change linearly, as a function of

the composition of the Ni2 SO--MgiO solid sclutions (mc~.l%) Some

small deviations from the rectilinear curve is explained by sornple nc-nuniform-

ity.

Hayashi and Naka [61, studying the MgO -- CoO -- NiO - Si0 2 system,

note limited solubility of NiSiO 3 in MgSiO3 . reaching up to 15-20 mole jo

NiSiO.
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Fig. 121. Diagram of phase relationchips

of MgO -- NiO -a- SiO2 system in the sub-

solidus region at 14000 (from Campbell and

Roedder): The figures are values of log

f for equilibrium between nickel and the

condensed phase.

Key:

a. Pyroxene
b. Silica
c. Olivine
d. Weight%

Campbell and Roedder [51, annealing a mixture of MgO, NiO and SiO2

at 14000, observed (besides silica) three types of solid solutions: between MgO

and NiO, between MSi 4 and Ni SiO4 and a pyroxene solid solution (Fig. 121).

Schwab (81 showed that, by means of rapid quencia~ing of a melt from a

+e-mperature of 1600-1650*, pyroxene of a yellow color can be obtained,
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containing 50 mole NiSiO. Crystals of MgNiSi O6 of the monoclinic

crystal system, h-d Ng 1. 731, Nm 1. 728, Np 1. 719, 2V =-39o

•, The Mg 2 S'20 6 -- ,MgNSi2 06 partial s:,scem, accor"ding to Schwab, is pre-

sented in Fig. 122. The stability temprature of rhombic mangesium-nickel

enstatite increases in increase in NiSiO 3 content, i. e., the Ni2 + ion favorE

the rhombic structure: the maximum thermal stability is achieved at a 12. 5

mole % NiSiO3 content. Below this, a quantity of rhombic enstatite changes

to pg ciinoensta'ite, trad dissociation into olivine and cristobalite takes place

auove. For conve.oion of pure, rhombic MgSiO3 into $ clinoenstatite, a

temperatu='e of 11400 is obtained by extrapolation. The protoenstatite region

of the solid solutions, expanding somewhat vith inerease in temperature, is

limited tc, a content of 5 mole % NiSiO3 ovrer all, above which this modification

is not found.,

120

' "a~t. ;o .,

Fig.. 122. Phase diagram of partial syst';.-.

Mg2Si206 MgNiSi206 (from Schwab):

PE protoenstatite, KE clinoenstatite, E

enstatite, 0 olivine, Kr cristobal~t.

Key:

a. Mole %
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Schwab notes a considerable region of coexistence of pyroxene and

2+I 2+.amphibole; the distribution factor of Ni and Mg in the coexisij.,%

pyroxene -- olivine association depends on the temperature and oxygen partial

* pressure (the corresponding data are introduced).
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CaO -- NiO -- SiO2

In study of the system, Biggar [11 used coagel, precipitated from a mixed

* solution of calcium and mlagnesium niteates and ammonium tetracthyl silicate.

Samples were annealed at 1340, 1390, 1475 and 1550', in platinum capsules,

and they were quenched in water. The phase diagram presented in Fig. 123

was obtained by extrapolation from data for the four temperatures indicated.

The phase relationships for 1340 and 14750 are shown in Fig. 124.
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Fig. 123. Approximate phase diagram of

CaO -- NiO -- SiO 2 system (from Biggar).

Key:

a. Olivine
b. Mole
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Fig. 124. Diagram of phase relationships in
CaO -- NiO -- SiO2 system (from Biggar):
a. 1340°, b. 14750; 0. nickel olivine.

"" - N. pseudowollastonite.

Key:

c. Niopside
d. Olivine

-" e. Mole %
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The existence of the ternary compound CaNiSi O, first described by

Gjessing r2j, has beer. comfirmed. Biggar considers this compound to be an

0 analog of diopside, and he callb it niopoide. The compound CaNiSiO4 (monti-

cellite analog), as Santoro and Newnham have already pointed out [3], does

not exist in the system.

Biggar introduces a small niopside field in the figure, noting that the

four ternary melting reactions observed here take place in the 1340-1360O

range. Niopside CaNiSi 2 0 6 coexists with SiO2 0 CaSiO 3 # Ni 2 SiO 4 and NiO.

Nickel monoxide coexists in the subsolidus region with CaSiO3, Ca 3Si2 07

and Ca 2 SiO4 .
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BOROSILICATE SYSTEMS

Li2 0 -- B20 3 -- SiO2

The system has been studied by Sastry and ilurnml .1i 21, by the quench-

ing metho)d and by means of carrying out solid state reactions. Three partial

eutectic systems are presented, with indication of the composition and melting

tempe',ature of the eutectics: Li 2 0. SiO9 -- Li 2 0. B 2 03 (-1- 20 weight % •

Li2 0SiO2 . 810± 40), Li2 " 0iO 2 - - Li2 0- 2B 20 3 (-'- 40 weight % Li20. SiO2 ,

787 ±f 40), Li 2 0" 2SiO2 -- Li 2 0* 2B2 0 3 (- 50 weight % Li 2 0 2Si 2 , 770 +-4)

and the SiO 2 -- L 02B 2 0 3 system (Fig. 125). The existing phases are pre-

sen-ted in the triple diagram (Fig. 126), but the fields of the separate compounds

are only partially and approximatcly outlined. Ternary compounds are not
I noted. A quite extensive region- of immiscible liquids, studiea by Sastry and

Humme' (2], is observed.
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Fig. 125. Phase diagram of partial system
)SiO2 -- Li 2 0" 2B 2 0 3 (from Sastry and Hummel).

Key:

a. Two liquids
b. Tridymite
c. Quartz
d. Weight%
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Fig. 12G. Diagram of phase relationships of Li2 O --

B2 0 3 -- SiO 2 system (from Sastry and Hummel).

Key:

a. Two liquids
b. Weight %
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Na 2 0 -- B 2 0 3 -- SiO 2

The system has been studied by Morey [2] by the quenching method. He

encompassed the region with a Na 2 0 content below 50 weigh0/ %. The existence

of one ternary compound, the composition Na 2 O B2 0 3 2SIO 2 , melting at 7660,
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like danburite (CaO" B2 03. 2SiO2 ), has been established. The field of the ternary

compound is not plotted in Fig. 127; it is possible that it is located, in the

form of a narrow strip, along the boundary separating the Na 2O. B2 0 3 and

SiO 2 phases. This compound could be obtained hydrothermally, by heating

glass of a composition Na 2 0- 2SiO 2 with boric acid in a bomb at 500*.

A70 511,wq

7,2 10+' \•+sa

.(0 17~N7

6 * .50 - •O-•N -- •-_••--

_ .,.1 "X \ -.. •..4 ,.,

09793

fl'0 '~ ../••- '.j.,,'x \/ : :-.--. •..., .,ioQO "\--

_ oJ 20 60 80 Siez
C.&!.e: %

Fig. M27. Phase diagram of Na 2 0 -- B2 0 3 -- Sio 2

system (from Morey).

Key:

a. Quartz
b. Tridymite
c. Weight %

The pai ial system Na2 0' 4B2 0 3 -- SiO 2 also was studied by Rockett

and colleagues [3]; the dataforit are preser ted in F:.g. 128. According to the

latter authors, the eutectic in this binary system is at 7300, instead of 675*

according to Morey.
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1• K)Fig. 128. Phase diagram of
partial system Na 0- 4B 03
SiO2 (from Rockett and colleagues).

Key: j
Cristobalite

b. Tridymite ISc. Quartz

d. Two liquids
e. Weight%

Morey did not find separation of the liquid phases in the system.

Flockett and colleagues found a metabtable liquation in examination of glass

of the Na 2 0" 4B 2 0 3 -- SiO2 profile. The glasses were kept !or a long time

(up to 50 hoars) at a temperature a little below the liquidus curve, then they

were quenched and examined under the electron microscope. The metastable

liquation region is shown in Fig. 128. At the maximum, the SiO2 content is

60-70 weight %, temperature 755°.
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Tishura [1], as a result of thermodynamic calculations of the isobaric

potentials of formation of the compound in the system, obtained a coexisting

K•) phase triangle in the subsolidus region. All eight fields in the diagram are

three-phase.

INVARIANT POINTS A'F Na 2 0 -- B 2 0 3 -- SiO 2 SYSTEM

1y;' sio, pa, A;.

eJknoi11,,IQ .iFlapIaITJIv O TO*111it

Na,(O I',Oa-', Nn+O .2]IAJ 4 ~~;iavoc r;,4 [SaPTh criui:a 3 11 8 -- 741
Na.1O 02,O2 +" Na.'). - 27.7 72.3 - 722
NaO-.3Pl..0-T N;,,.0 14iC 3 -I-,voeTI* I7I't';n~in W4 I - 766
•o., ,-\.6 .;) . -, 1--3,,,,IF1 I,, ,.9 23.6 27.5 W31

S ) S I( l -; [;0~Cm a 26.9 : 31.1 42.0 530
NaiO. •SiO 2 jS,O,-; ~u;wm(�- • 12.2 55.3 32.5 675

LT ol H l,.: u it aIIidpIa;:TI 4e T,, HItcI

Na;O.HOa-1 NaO .2SiO-j+Na,) Peahiti 33.0 18.0 49.0 640

N' 2O-B 2O3+NaO-2SiO1  -S02 )+-It,'l- Di-rTeKmI 27.0 25.0 48.0 520

Na,O' F120+N &O2-2 B2 3O.+SiO 2 a-aix- , 27.0 33.0 40.0 520I 7(WPTIf• 

211 ".NX ,n•€i.:•BO .SO- N0:.BO- 1t.203 -1 •lc~t• 21 .' 4~5.0 3O 600.

Key:

a. Phases
b. Process
c. Composition, weight %
d. Temperature, "C
e. Double iivariant points
L. Liquid

Sg. Eutectuc
h. Reaction

Si. Triple invariant point.
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Sasaki and colleagues [4] studied the effect of pressures up to 1000 kgf/
2

cm on phase separation of the g.asses (metastable liquation under nonequilib-

t) riurn conditions), containing 60 and 70 mole % SiO2 and from 2. 5 to 10. 0 mole

% Na 2 0. A decrease in immiscibility temperature always was observed with

increase in temperature.
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MgO -- B 2 0 3 -- SiO 2

The system has been studied by Kuzel [1] by the quenching method. Ternary

compounds were not found. A broad regi.on of immiscibility of the liquids is

characteristic. The fields of cristobalite, protoenstatite and magnesium

pyroborate are overlaid by the region of immiscibility of the melts. There also

should be a B 2 0 3 cri-stailization field. The phase diagram of the system is

presented in Fig. 129. Kuzel determined compositions of the separating liquids.

As two examples, we present the composition of the coexisting liquids for two

initial mixtures, one rich in boron oxide and the other rich in silica. With the

initial composition MgO -- 18.0, B2 0 3 -- 77.0 and SiO2 -- 5.0 weight 16, the

heavy melt has the composition MgO -- 34.5, B20 3 -- 63.2, SiO 2 -- 2.3 weight

%; the light melt MgO -- 0.6, B2 0 3 -- 91.9, SiO2 -- 7.5 weight %; the tem-

perature of the coexisting liquids is 11800. With the initial composition
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MgO -- 18.00, -- 13.0, SiO -- 69.0 weight %, the heavy melt has the

composition MgO -- 37.6, B2 0 3 -- 20. 2, SiO 2 -- 42. 2 weight %; the light

(. ) melt, MgO -- 8.5, B 2 0 3 -- 9.0, SiO2 -- 82. 5 weight %; the temperature of

the coexisting liquids is 13000.

,go.

2-%O

2,A. -t ,qO'5ff, 1 570

3J8S 102 \1"' 5

7

MaOO

-- -.-- .-. -. .. --.--

IN 1,' 80 1713° O

Fig. 129. Phase diagram of MgO -- B2 0 3 -- SiO2

system (from Kuzel).

Key:

a. Weight
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INVARIANT POINTS OF MgO B 2 B0 3 - Sio2 SYLSTEM

• j - d•ctnn,-T�B ,o otOpa.
01tBII j~ olc I goDCC S 'rypa, 9C

*fB p a Dit o ec n n c 0AI 0zui )IcIt AIt 0C T 16

1 MgO-f-3MO -B--203+2MgO. 0 j.rmita 64 31 5 1327 -10S• ~~~~SiO, _.2'"

2 3MgO1O .B•gO,- Og,+ yp 50.7 37.3 6.0 1270+ 5
+2MgO .SiO,

6 25igO .B1O+2MgO .SiOs+ % flepinci- 42.4 30.6 27.0 1203 + 5
+MgO .SiO, Ti"ia

8l 1 1)anhIll 1AC)lt C AD MNIR 2ItI;XX OCTHIMit

7 MgO.SiO2 +SiOs 'MouoTel- 37 8 55 1510 !-20

7' MgO .SiO+MSiO3  To ne <1 -3 -96 1510 9 20
8 2g-gOdJ2 O3+MgO.SiO 38.8 31.0 30.2 118G1' -5
S ) 8' 2MgO'B 20 3 +MgO'SiO2  < 10 89 1186-f .

m 2M(grO.B20 3  I:18 .37 25 1200 1.5
1' 2MgO.B132 0 3  <t 1-15 -8 1 t2004- 5

,LB paniiOuhio til c OAuzOR MItWIUOCTt,10 It o ii TO It X
rOMr1opaTyptioro MaxcImmyMtaI3 2MgO.SiOg+311gO.B 2O3+ - 632.8 31.8 5.4 1331 + 5

4 291.SiO2 42MgO.1B20 3+ - 5M.4 35.6 10.0 128&3 - 5

Key:

a. Points (Fig. 129) h. Peritectic
b. Phases i. In equilibrium with 2 liquids
c. Process j. Monotectic
d. Composition, weight % k. Same
e. Temperature, 'C 1. In equilibrium with I liquid at
f. In equilibrium with 1 liquid temperature maximum pointsg. Eutectic m. Liquid
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CaO -- 23 -- SiO

The systLem has been studied by Flint and Wells [2]. A phase diagram

kJ of the system is presented in Fig. 030. Two ternary compounds were found:

CaO" B2 0 3 . 2SiO2 and 5CaO" B2 0 3 ' SiO2 . The first of them corresponas to the

natural mineral danburite; synthesis of this compound from dry melts is un-

successful, but it can be obtained hydrothermally. Upon heating to 1002", it

melts, with formation of two immiscible liquids.

s'0 2

d a . %\O \
.0 60

UO S f02  O dN O X U &

g30 CaaO -- B -i

-tO a. Sia O -b10

70p bw . 2 liquid

S.1 W igt c.Soiasltin

3 c00-5.. 9
Cao 8

Cao ?0 \ 4016 80 8201.raoO8i 2tCCC0SA CaO.8217 c '0Oj~

Fig. 130. Phase diagram of CaO B - B0 3 -- Sio 2
system (from Flint and Wells).

Key-,
a. 1 liquicd

& ',,b. 2 liquids
c . Solid solutions

d. Weight%
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Of a large number of partial binary systems between various calcium

borates and silicates studied, only the 2CaO" B2 0 3 -- CaO" SiO2 system is

truly binary, i. e., it does not contain compounds other than those specified.

Morey and Ingerson [41 studied the region of the system in which phase sepa-

ration of the liquids is observed. In the phase separation region in Fig. 131,

tie lines are plotted on the basis of experimental determinations of the over-

all Lomposition (points 1) and the composition of the separated layers (points 2).

coo 82. 00 1-

.- ~C~oZ8o2-l=- , d I--"' "( )7

8%% X, 50 70 90 Sfo0
d Bec %

Fig. 131. Liquid phase separation region in CaO --

B2 0 3 - - SiO2 system (from Morey and Ingerson):

1. composition by synthesis (for initial mixtures);
2. composition by analysis of separated liquid layers.

Key:

a. 1 liquid
b. 2 liquids
c. Danburite
d. Weight %

The compound tf -2CaO. SiO 2 dissolves considerable quantities of CaO-

B B2 0 3, 2CaO. B2 0 3 and 5CaO" B2 0 3 .SiO 2 . TheC -) V conversion temperature

of dicalcium silicate (an actual solid solution) decreases in this case, from

14200 for pure 2CaO. SiO 2 to 12300.
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Tishura [I] introduces a diagram of phase coexistence triangles, in

plotting which he used thermodynamic data.

TABLE I

CRYSTALLINE PHASES OF CaO -- B2 03 -- SiO SYSTEM

-- ! T - - -Coe xe~ ela~wry© M Vov Mud l,•,-al

5CaO.B0 2O.SiOz [ i•.:ncnjlTe~nqe- 1.6.90 L666 Bapi.pyeT -

CaO. .03 2Sis 4u- POM61'wcKne 1.636 1.630 86-90 (--
Gyur 3aptw

Key:

a. Compound
b. Appearance
c. Optical sign
d. Polysynthetic twins, grains
e. Varies -(•) f. Danburite -

g. Rhombic prisms

Mircea [31 has studied the partiall system 3CaO SiO 2 -- B2 0 3 , heating

the corresponding mixtur. - in the 1000-1600* temperature range. The B2 0 3

content reached 416. Separation of free CaO and formation of a solid solution

in the 2CaO. SiO2 -- 5CaO" B2 0 3 . SiO2 series, the limiting composition of

which depends on temperature, was observed.
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TABLE 2

4INVARIANT POINTS OF CaG B 2O 0 - SiO2 SYSTEM

: I-.b T,

- o-s -- Cz0i032A- a -il 59. -10.-

6 2Ca6 r)id-+AHOXa0Br ., r9.2 12.6 18.2 1398
SiO +ýKu.tv~acmf

8 CaC' +&641 03-O S1G2+3CA0- 70.0 23.2 6.8 1404

12 GaO .SiO 2+L.0t .11103+SiO,+ a 38.3 Wi.5 30.2 977

I. CaO.-SiO,+3Ca.0 2SiO,+2CaO. ~PeaKpuR 54.6 1.5 43.9 1436

()3 2Ca0.Si0 2+,'Ca0.B 03+2CaO. 0 59.4 18.6 24.0 1128

4 2Ca'J .Sio.+'r-cal.lOVI~, . 66.2 14.1 19.7 1266

11 GaO .Sio,+MIC-3 . 3+a0 45.0 31.7 23.3 1017

7 5Wa 'B203';iO2+;"AX lu~abwflhl - W 49
5 c:-2CaO .SiO1, MPI-Iwfui PQerra*+ -Owrmxa 67.7 13.3 19.0 1400

+5CaO .fl.O.. .SiO2+;HuikP-
KOCT6

9 3C&O -B 0 +5CA0 .14 3 0, 69.'4 212.8 7.8 W45

10 2CAO .U,03+CR0 .SiO,+~WUX- 6 55.4 20.4 24.2 1H50

Key:

a. Points (Fig. 130)
b. Phases
e. Process
d. Composition, weight 0/
e Temperature, CC
f. Liquid
g. Eutectic
h. Reaction
i. Melting
j. Solid solution
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BaO -- B20 3 -- SiO2

The system has been studied by Levin and Ugr'nic [5] by the quenching

method. A phase diagram with isotherms applied is presented in Fig. 132.

Coexisting phase triangles are plotted in Fig. 133. The ternary compound

( 3BaO. 3B 2 0 3 - 2SiO3 , melting without decomposition at 10090, has been deter-
mined inhe system. Solid solutions forming between 2BaO. 3SiO and BaO"

2SiO2 extend into the three-component portion of the diagram. The region

shown by crosshatching in Fig. 132 should be considered to be a solid solution

of silicates (3BaO- 3SiO2 and BaO. 2SiO2 ) with barium borosilicate 3BaO-

3B 2 3 2SiO2 .

Immiscibility (liquation) in the BaO -- B 2 0 3 -- SiO2 system has been

studied in greater detail by Levin and Cleek [4]. The critical liquation line

is the peak of the oblong "hill," represented in Fig. 134. This line posses

approximately parallel to the B 2 0 3 -- SiO2 side, and the coordinates of the

extreme points are 12250 on the BaO -- B 2 0 3 side (15 weight 7 BaO) and 14050

at a content of BaO -- 18 weight .%, B 2 0 3 1- 10.5 weight % and SiO2 -- 71.5

weight Jo. A vertical profile through the critical immiscibility line is represent-

ed in Fig. 134a. Extrapolation of this line in the direction of the BaO -- SiO2
system permits the metastable liquation position in this binary system to be
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Fig. 132. Phase diagram of BaO -- B2 O3 -- SiO• system
(from Levin and Ugrinic); melting tem~peratures gf in-A
variant points: A. 810 ± 100; B. 875 ±!- 50; C. 875 ± 50;
D. 920- 2 10O; E. 950 ±-200; F. 825+- 103; G. 9800+ 50;

H. 925 -* 10o; I. 962 t 10*; J. 13700; K, L. 815 - 100;
M. 4500.

Key:

a. Cristoba•lite

b. Tridymite
c. Solid solutions
d. Two liquids
e. Weight % /
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Fig. 133. Phase coexistence triangles of
BaO -- B2 0 3 -- SiO2 system (from Levin
and Ugrimc).

Key:

a. Two immiscible liquids
b. Mole 16

found (see Fig. 1 34b). Lines characterizing immiscibility for isopleths with

a 22.5 weight % BaO content are preserted in Fig. 134c. The primary crystal-

lization field of silica is intersected by these lines at 13950 and a content of

68 weight % SiO2 .

Phase se:paration of the liquids in the system has been studied by Gerth

and Rehfeld [2]. At a certain low concentration, a section has been found

in which several liquation regions in a row exist. The number of these regions

is equal to the number of phases in the system. This Interesting phenomenon

requires further checking.
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Fig. 134. some binary profiles of the BaO --D 20 3 -- SiO 2 system, p~ssing through the

liquid immiscibility region (from Levin and
Cleeal; feeo texr aor exple rtion.

d. Cristobalite
e. Tridymize
f. Two liquids
g. Wc-ight 0,'o

Glasses form R.asily over an extensive rIegion of the system, and they

have been studiea by Hamilton and colleagues [3].
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INVARIANT POINTS OF Bac)- B 03  Sic) 2 SYSTEM

a2 3

b C.Tmi

A jBaO -21120 +BaO .4BI3 O-' v3nrexma I38.7 53.8 7.5 810
+Sio

B B 1O-.6y, +1aO.-2112 03+ 51.2l 44.0 1.8 875
+31'W21a0 .3 2O3 .2SiO2+,.uu%-

C 311a0.B203+FBaO -B 0Oa+BaO. 6 77.4 19.0 3.G6875

D BaO.-110 30+JBaOSiO 1+2Ba0. G 8.0 MG. 13.4 9210*3Sio .- I-nmuuCm4 

1E 30a0.-311,0 3.2S0 2 +BaO. - 51.8 21.2 27.0 !60
* 2SiO2 4-SiO11 j-;s~iu~acoemvf

F 313a( -3112%, -28 O2 +-IBaO. - Pemqatu 43.4 45.4 11.2) 825
*21B, 0+SiO, -f-"-'tucocm

G 3IBaO !.03 1 20aiO. .IaO. 0 0.2 18.4 21.4 C,10
* 280 2 +j2Ba0 -3SiO2 -I.)iw+-0 'wcTh

II DOa0.130 3 +FBaO .SiO 2+213a0 - 67.5 18.5 M4. 925

I 3IBaO 13aO,+IBaO.SiO 3+ 1 78.3 17.3 4.4 962~
+213a0 MS. +;1o,,uiwurz

I BaO+310 B :0O.B.O2 2BaO. - 87 12 1 <1370

M BaO.-4B 103 fB,03)+SiOt+ g3mexnoa <2 >30 <30 <450

CAB~YMB )HIStAOCTANMU
K BaO.411,Os+Si0 2+'1De rnuIA- - 37.4 54.6 8.0, 815t) L ~KOMTI 4

L B0-4,0,Si0+Ae )IA- - t 40 59 815

Key:

a. Points (Fig. 132)
b. Phases
c. Process
d. Composition, weight Jo
e. Temperature, 0C
f. Liqlid
g. Eutectic
h. Reactions

-i. Phases in equilibrium with two liquids
j . Two liquids
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ZnO - - B 20 3 - - Sio 2

An approximate ph-ase diagram of the system, according to Ingerson

()and colleagues [1],is presented in Fig. 135. An extensive region oi separation

of two immiscible iiqdids is characteristic. A curve representing tie compo-t sition of the lighter 'iquid (curve L ) actually should be iocated closer to the

B 03  SiO2 line (ZnO content should be less than 1 weight )

40 / '6

- ' ~''"'~ 4 0

sin fl8 3 flu 3 q

Fig. 135. Phas d fiaga o n -

SiO2 system (from Ingerson and colleapus).
Key:R

a. Two liquids c. Willemite
b. Layer of two liquids d. Weight Jo
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A12 0 3  B B2 0 3  SiO2

The system has been studied roughly by Gielisse and Foster [2]. Ternary

compounds have not been found (Fig. 136). A continuous series of solid solu-

tions, also studied by Kim and Hummel [3. (Fig. 137), apparently exists be-

tween the binary compounds 3A12 03" 2SiO2 and 9A12 03" 2B 2 0r3' The A1l20 3

3A12 0 3 ' 2SiO2 , 2A12 0 3 " B 2 0 3 and SiO2 fields are indicated approximately in

the diagram of Gieli~se and Foster (Fig. 136), but a solid solution field was

O not noted.

4107

1950
A3S2  ~80.? 6

A3S2  2 3.
185 to 5

60 -0----------- 'A2

S10 S,,,, Zo 4 so 8 80

Fig. 136. Approximate diagram of phase
relationships of A12 03 -- B2 0 3 -- SiO2

system (from Gielisse and Foster).

Key:

a. Weight 01
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Fig. 137. Approximate phase diagram of
partial system 9A12 0 3 - 2B 2 0 3 -- 3A12 0 3 "

2SiO 2 (from Kim and Hummel).

Key:

a. Corundum
b. Weight I

Dietzel arnu Scholze [1] have determined the index of refraction of the

silica-rich glasses of the system.
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PbO B B20 3 -s-o 2

The system has been studied by Geller and Buniing [11 and by Johnson

i' ' and Hummel [2). One ternary compound 5PbO. B2 0 3 SiO,2 melting with

decomposition at 5510 and formation of 2PbO- SiO2 and liquid, has been estab-

lished.

Geller and Bunting found a region of solid solutions between 5PbO. B2 0 3 -
SiO 2 and 4PbO. B2 0 3 (or PbO). Crystals of 5PbO. B2 0 3 * SiO2 are prismatic

in shape, in the rhombic crystal system; 2V is practicai.y equal to 0; the

optical sign is negative, Ng = 2. 085 ± 0. 005, Np = 2. 04 ± 0. f)05. in forma- 1:

tion of a solid solution, the index of refraction increases, reaching up to 2. 12.

1)6

sips s•d•

/ _..% .••

90-r 80r "

cha138t Phastcofhe syagram , ofPO--B

Key: I
)c. Quartz f. Two liquids jd. Cristo0alite g. Weight%

e. Tridymite
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Johnson and Hummel [2] have studied the portion of the system which

is rich in PbO, and also have studied phase separation (liquation) of the liquid

U phase. The region adjacent to the PbO apex is presented in Fig. 138a. An

extensive region of phase separation of the melt is shown in Fig. 138b, which

encompasses the entire system. The region adjacent to the silica apex en-

compasses metastable liquation. The authors accomplished mechanical sepa-

ration of the immiscible liquids (in the region poor in silica, where stable

liquation is present), with the aid of a high-temperature centrifuge, and they

determined the composition of the lead-rich and lead-poor liquids. With an

overall content of 30 weight % PbO, there was 35-40 weight % PbO in the lead-

(9 rich lk -,er and 15-20 weight % PbG in the lead-poor layer.

INVARIANT POINTS OF PbO -- B 2 0 3 -- SiO2 SYSTEM
(from Geller and Bunting)

iiCo ~COCT.18. DeC. % dTesnrwn,t-

no I B.. so
$M02+111O .SiO++PbO.2B2O-+ ePeaxqpia 75 15 t0 51-l4-it)

PhO.SO. +VIAh) .23.0,+511bO• - 81 13 6 5274+ 5

5PlO.i.,O.-SiO+-PhO.SiO-- h3wxamlia 84.5 11.0 4.5 41 2

r51"hO.I.0 3 -su 21-j-1,O "SO + Peuxlkn 86.3 7.,d 0.1 531i' 3
+2PbO .Si02-ji-tu'ocm,"

5I'bO .I 2O.2.Sio=-2PO.SO 3+ • U.5 5.3 3.2 533+ 2

5PbO-1O=-3.SiO.,+Av'O .Si0+ 02.7 4.5 28 531±- 2

5PbO 2 •1O, .SO130 -PbO.-BIO- B0+ krmela 92.7 4.8 2.5 532± 2

5PbOM 0 -O.SiO +4PbO .B1Os+ 87.5 11.4 1.1 488+ 2 I
+2PbO .iS,0,+wA~moTyr, ""

5IO'1B0,0.bi0 +2PbO.B0.+ • Peal-un CM 10.6 3.4 4864- 2"+SPLO. 413daO=+K,~ootm¶"

Key: a. Phases f., Liquid
b. Process g. Reactions
c. Composition, weight % h. Eutectic
d. Temperature, °C
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ALUMINOSILICATE SYSTEMS

LiQ 0 -- Al 2 3 -- SO

R. The system has been .3tudied by Hatch [(10], R. Roy and Osborn [2 11,

R.Roy, D. Roy and Osborn [22], Murthy' and Hummel [19], Galakhov (1],

Eppler [8) and others. Hatch studied the partial system Li 0* Al 03

2

Sio 2, within which the figurative points of the ternary' compounds petalite

Li -A2 A10 * 85102, spoduniene Li O-A120 * 4Si02 and eucryptite Li2O'
Al A 2 0 3 2Si02 are located. However, crystallization of petalite (just like the

compound Li 2 -A 2 203 6Si 2 ) from the melt does not take place, and the

following phases are indicated in Fig. 139: 1. silica (in the tridymite form);

1

2 2O2R. Roy sp od yn (and thesb o lid solurtion based onui);e 3 [9, eucyptit (and

thpper soli ad soltions. bas c tded oni).lthiu palrtinalyte Li2 0" A12 0 3 (ad-h

solid solutions based on it); and 5. y.A1,0 3 . From pure SiO2 Io 64. 6 weight

J SiO2 (the composition of P spodumene), the system has a binary character,

and it consists of fields of silica and solid solutions of the A spodumene type,

with a eutectic between them at 84. 5 weight Silc 2 , melting at 13rdy o.

1
Here, 2 spodum ene (just like eucryptite) is the high -temperature form.
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espodumene has a distinctly expressed tamperacure maximum at 14230.

Between 64. 6 and 47. 7 weight % SiO2 (the eucryptite 'omposition), the system

also is of a binary nature above The solidus line, anu it is divided into ,

spodumene and P eucryptite solid solution fields. With a lower silica content

the system completely loses its binary nature, and y alumind ard eucryptite

solid solutions are obfierved as the crystallization products.

4C

149 - b

00 IF

9 .V 417 sIo , 0r 71) 80 90

Fig. 139. Phase diagram of partial system Li20- Al --

SiO2 (from Hatch).

Key:

a. Alumina
b. Spodumene
c. Eucryptite
d. Tridymite
e. Weight %

The alumina apex of the system has been studied by Galakhov 1]. A

large field of high-alumina lithium aluminate Li2 0- 5AI 2 0 3 , called r alumina

(YA12 " 3 ), has been determined here. The corundum field is a narrow strip,

207 -
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and its boundary with the y alumina field has been determined approximately

(dashed line). The boundary between the y alumina and lithium aluminate

L 0i2 0-A 2l0. fields begins at the eutectic point of the binary system Li2 0.

A12 0 3 -- A12 0 3 (Fig. 140). Galakhov, just like Hatch, notes the existence

of Li 2 0" A12 0 3 base solid solutions. In proportion to entry of alumina into the

Li20-Al.03 lattice, the index of refraction decreases.

Lio •u c Sr i oz,

-)

) t 20 V 0 Go / AIZS O
1i0 &&C.% Uioa5,o 1/,,

Fig. 140. Phase diagram of Mi2 0 -- Al120 3-

SiO2 system; apex adjacent to alumina (from

Galakhov).

Key: a. Weight %/

Murthy and Hummel [19] have investigated the partial system lithium

metasilicate (Li2SiO3) -- •eucryptite, using the quenching method. The sys-

Stem is a simple binary, with a eutectic containing 57 weight 0/ eucryptite and

melting at 1070° (Fig. 141). i
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Fig. 141. Phase diagram of partial
system Li2 0-SiO2 -- Li2 O. A 2 03

2SiO2 (from Murthy and Hummel).

Key:

a. Weight %

I-

001
ftloo

12 TLO 26,Ir.

IMV

Fig. 142. Phase diagram of partial
system Li2 0- SiO2 -- Li2 O. A120 3

4SiO2 (from Roy and Osborn).

•-) -Key:

a. Spodumene
b. Weight %01
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Roy and Osborn [21] have studied the partial system lithium metasilicate -

-i~podumene (Li2 Q0 A1 2 03 ' 4Si0 2 ) . This system turned out to be a sim~ple

eutectic. The eutectic with 45.4 weight 0/ Li SiO3 melts at 1026c0 (Fig. 142).

-,P I&M#/t -CIMyUHnip ir-

14M PXKP I

136

(~C1)

a. p Tridyn.iI-
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siso

C2.

A2 A

LiOI,80 60 IMC026 ?0 Li,0A 2~~0
d~ec % Ccoyw

Fig. 144. Phase diagram of partial system Li2 0. SO2 -- 2

.) Li 2 0" A12 0 3* 4SiO2 -- SiO2 (from Roy and Osborn).

Key:

a. CristobaLite
b. Tridymite
C. Spodumene
d. Weight %7

R. Roy, D. Roy and Osborn [221 have described a section of the Li O-

Al 2. 3 -- SiO2 ;ystem (from L.,i 2 "0 A1 2 0 3 - 2SiO,, on the SiO2 side) in the sub-

solidus region. The minerals were synthesized under hydrothermal conditioas,

2at a pressure of about 700 kgf /cm . Petalite, which is stable bdow 680", was

synthesized under these conditions. The transition temperature of high-temper-

ature spodumene to the low-temperature turned out to be o-- 5000 (Fig. 143).

Roy and Osborn have plotted a phase diagram of the ternary system

Li2 0- Sir -)- Li2 0- Al 20 3 - 4SiO2 -- SiO2 (Fig. 144). The following ;re ?r%- !4

sented for the two eutectic points: 1. melting temperature 980, compositior.

SiO2 39.2 weight %, spodumene 26 weight % and lithium metasihcate 34.8
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Fig. 145. Schematic phase diagram of Li 2O --

A12 03 -- SiO2 aystem (from Roy and Osborn).

Key:

a. C-istobalite
b. Tridyrnite
c. Spodumene
d. Mullite
e. Weight %7

weight %; 2. 9759, composition lithium metasilicate 39.2 weight %, SiO2

28.2 weight % and spodimrene 32.6 weight %. The complete Li2 0 -- Al 02 2 3
,?O2 diagram ia presented schematically in Fig. 145.

In examining the series of solid solutions in the Li 2 0. AI 2 0 3 -- SiO 2

system, Roy (201 distinguishes an 0 series ("silica 0"). a K series, an

"CC LiAlSi q C6"series and a "0 LiAlSiO2 " qe-es, which are presented

- 212 -



$A0zb A x-tiAlsA2 U4,9LiAIgotmu

shwnp yeso oi solutionsC

iA102~M -- Si2 yteU(rm RIoy).I

b. eVrir esf

Id. Au ina .Porear f

St2  Lif

Fig. 146. Schematic phase diagram,

showing types of solid solutions in

LiAlO 2 __ S i0 2 system (from Roy).

() Key:

a. Tridymite
b. Series
c. Stable at 12000
d. Alumina
e. "Alumina K" series
f. "Alumina 0" series
(. Metastable, with exception of solid line sections
h. Petalite
.i. Spodumene
j. Euc ryptite

schematically in Fig. 146. The "silica 0" series extends from eucryptite

(LiAlSiO ) in the direction of silica, and it is characterized by a e' quartz

type structure. Henglein [111 has demonstrated that the quartz -like type of

structure can be brought into being over a wide range, from pure quartz to

eucryptite propes.

The "K series, i. e., spodumene solid solutions, are characterized by

the tetragonal structure inherent in kitite, and it extends from Li 2 0* A120 3
4SiO 2 3

4Si0 in the direction of silica.
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The transformation of 0' eucryptite to • eucryptite (from Winkler)

[26, 27] is observed at 972 ± 10-.

Behruzi and Hahn [7] demonstrate that, under appropriate conditions of

crystallization of eurryptite glass, besides known modifications, two more

nmodifications can be obtained, moneelinic and triclinic.

Skinner and Evans [24, 25] :-a-% e carried out a monocrystal X-ray in-

Svestigation of 6 spodumene and its solid solutions.

Urazov and colleagues [6] have studied the < T-2g transformation of
spodumene, using the natural mineral.

Kolesova [41, just like Ignat'yeva [2], on the basis of study of the infrared

spectra of & and P spodumene, assert that a change in the coordination

number of aluminum takes place during the transition of Cr spodumene to to

spodumene: a transition from six-fold coordination (in Cr spodumene) to four-

fold.

Kondratlyev [5] explains the difference in high-temperature and low-

temperature eucryptite by the hypothesis of change in degree of diso -der in

substitution of the [SiO41 and [A10 4 J tetrahedra. He gives a similar interpre-

tation to explain the existence of three forms of spodumene of different prop-

erties. Some properties of high-temperature lithium aluminosilicato s are

reported in Table 1.

Saalfeld [23] has studied the thermal conversions of natural petalite.

Slow heating of natural petalite to 1200° leads to formation of the it -Li 2 0"

A12 0 3 " 6SiO2 phase.

Kalinina and Filipovich (3] and Eppler (8] have shown that, depending on ! j
the crystallization temperature of aluminosilicate glasses, metastable solutions

can be distinguished.

-214 -
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Isaacs and Roy (13] have studied thee ( inversion of eucryptite as

a function of pressure.

Munoz [17] has studied polymorphismof lithium aluminosilicate, with the

general formula Li2 0. A12 0 3 -4SiO2 , under high pressure conditions, taking

his investigation up to 40 kbar, and he has observed three phases, whi.h are

variable, but appa--cntly close to the formula indicated: 1. normal high-

temperature 9 spodumane, melting at 1429 ± to, according to new data;

2. a mineral of the pyroxene group, forming at high pressures, called simply

"spodumene" by Munoz; 3. in the intermediate region between the two com-

pounds mentioned, a phase was observed which Munoz calls "p eucryptite

So solid solution, " but he ascribes the chemical formula to it characteristic of

spodumene; this phase has a structure which is characteristic of high-temper-

ature quartz.

A phase diagram of lithium alumino silicate Li2 0. A12 0 3 * 4SiO2 is pre-

sented in Fig. 147. The possibility of obtaining the "p eucryptite solid solu-

tion" at pressures above 10 kbar, both from crystalline P spodumene and from

the "spodumene" stable at high pressure, was tested experimentally. In accord-

ance with the molar volume valuep of the "P eucryptite solid solution" and

9 spodumene, 77. 32 and 78. 31 cm 3 /mole, respectively, an increase in pressure

facilitates stabilization of 0 eucryptite, at the expense of 9 spodumene.

0 spodumene melts congruently at a pressure of 8.5 ± 0. 5 kbar and a temperature

of 14000; at higher pressures, incongruent melting takes place, with formation

of the "P eucryptite solid solution" and liquid. The presence o. a two-phase

region was demonstrated by special tests, in which the initial materials were

Sspodumene or "Ieucryptite solid solutioa.." The two-phase region was not
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Fig. 147. Phase relationships for lithium
aluminosilicate Li,,O" A12 0 3 4SiO2 (from
Munoz). 2 3

Key:

() a. Eucryptite
b. Spodumene
c. Pressure, kbar

precisely outlined, but it extends to low temperatures and to pressures less

than 5 kbar. Munoz conducted special tests, to precisely define the location

of the boundary between "f eucryptite solid solution" and "spodumene" which,

by extrapolating this boundary to one atmosphere, permitted the stability

temperature of spodumene under normal conditions to be found. This tempera:-

- ture, depending on the apparatus used, was between 520 and 395*,
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Fig. 148. Metastable liquation (phase

separation) of Li2.SO -- Li20- -

Al120 3- 4SiO 2 -- SiO 2 system glasses i•

•,i "}(from Marinov and Ra.dvik,,va-Janeva).

Munoz [18) has synthesized hexagonal solid solutions (called quartz)

of the LiA1Si2 06 -- Si02 series, at a pressure of 15 kbar and a temperature

of 1350°% which turned out to be stable up to 15000 and pressures of 10-20 kbar.

Li Chi-tang and Peacor [15] discuss three polymorphic forms of spodumene:

a low -temperature, monoclinic 0 form (natural spodumene), a high-tempera-

| ture, tetragonal f form and a hexagonal y form. similar in structure to high-

| _• temperature quartz. The authors propose designating these modifications in

•.] the following manner: LiAlSi206 -1, IAlSi 2 06-1I and LiA1Si 20 6-II. In a

S-29detailed structural study, Li Chi-tang and Peacor demonstrated that LiA1Si 2 0 6-I

I2



is a derivative of kitite. The structure of LiAlSi2 0 6 -III was studied by

Li Chi-tang [141, who, noting a very small (Si, Al)-Li distance, gave an

explanation of the small coefficient of thermal expansion of spodumene.

TABLE 3
INVARIANT POINTS OF ALUMINa-RICH REGION

OF Li 2 0 -- A12 0 3 -- SiO2 SYSTEM

(from Galakhov)

f b C. cocn', we,% Tmea

np-r= I U,0 AIO J 8103 Typa. IC

(J~~,) ~~ -AI:O,+T-AI0 3O+3AI203.9-SiO,--.Iia- Pf-s 350 10

ekqa 8 43 50 1590T-AIz•O.J-L -i2O-Alt,0s-"&0 Ti s rp.ju 6 8 4t 5t H490
pacT sop+3Al20,.2SiOs +;I;,•.oum

T-AI•,O+LiaO.A1aO p, THPAUf pacmOAF- 0 t5 43 42 1i00
+--iO .A4120,.2SiO& TDW pic-
TflOP+;K1IAMoCrh+ P,

Key:

a. Phases e. Liquid
b. Process f. Reactions
c. Composition, weight % g. Solid solution
d. Temperature, °C

Gillery and Bush [91 measured the thermal expansion and contraction of

pure high-temperature P eucryptite. The coefficient of thermal expansion

parallel to the C axis turned out to be c( = 17. 6- I0-6 and perpendicalar to

theCaxis e" = 8.21"10-.6

For glasses of the partial system Li2 0 SiO2 -- Li2 0. AI 2 0 3 4SiO2 --

SiO2 , metastable liquation (phase separation) is characteristic. Marinov and

Radenkova-Janeva [16] subjected glass to heat treatment (they varied the
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holding temperature and time), and they observed the phase separation phe-

nomenon by electron microscope. The liquation region, in the form of a

domhe cross section, is presented in Fig. 148. A critical point on the surface

of the phase separation space is a temperature of 9500 and composition Li 2 0 --

12.45 mole 16, SiO2 -- 87.55 mole %.
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. 11
Na 2 0 - A12 0 3 -- SiO 2

The ternary compounds in the system are the common natural alumino-

silicates Na 2 0- A12 0 3 . 2SiO2 (nephelite, carnegieite), Na 2 0* A12 0 3 4SiO2

(jadeite) and Na 2 0" A12 0 3* 6SiO2 (albite). Alumincsilicates richer in alkalis

have been obtained synthetically.

Two ternary cormp(unds result from crystallization of melts, N 2 0 A120 3 -

6SiO2 (albite) and Na 2 0 A12 0 3 2S. 02 (carnegieite). Jadeite is not obtained

from the melt by crystallization.

The first studies of the system were limited to study of certain partial

profiles. Tilley [36] studied th.e partial 6ysiem *-%a2 0- S;0' -- i,'a 2 0. AAl ".

2SiO2 (Fig. 149) and Na 2 0-O 2SiO, Na 0- Al 03 23i0 (sirnple eutectic) and

the partial ternary system Na 2 0 Si 2 - - Na2O0 2Si, - - Na20. A120

Greig and Barth [15] plotted a phase diagram of the n-pheiite-albite system
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(Fig. 150). The sodium metasilicate -- nephelite pseudobinary eutectic sys-

Sterm, according to refined data of Spivak[35]0 has a eutectic containing 46. 75

weight Jo Na 2 0 Al120 3- 2SiO 2, melting at 902*. The phases in this system are -

Na20" SiO0 and nephelite; solid solutions were not found. As a result of entry

of Na20" SiO, into the carnegieite lattice, the temperature of transformation

of nephelite to carnegieite is reduced from 1250 to 11631. Galakhov [2] has

precisely determined the location of the boundary between the mullite and

corundum fields on the triple diagram.

'3'

a 20 40 LI0 so fog

" ~Fig. 149. Phase diagram of partial
system Na20- SiO2 -- Na20- A1203-
SiO2, (f rom Tilley).
Key:

a. Carnegieitse
b. Nephelite
c. Weight To

Schairer and Bowen [32] proposed the first variant of the system in 1947

and, in 1956, gave a refined, detailed phase diagram [33p . Osborn and Muyn

e[23, based tot the data of Bowen and Schairer and introducing several more

additions, gavtea isre due diagram in 1960 (Fig. 151). o
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b, ,

( .... )Fig. 150. Phase diagram of partial system nephelite
(Na2 0. Al120 3" SiO 2) -- albite (Na2 0- Al2 03" 6SiO 2) _
(from Greig and Barth). ,

Key:

a. Carnegieite
b. Nephelite*)c. Albite uL
_ d. Weight % 6

Up to the present time, the position on the diagram of the high-alumint

compound "t alumina,l" of composition Na 2 0. 11A12 03 (according to the data ofi

some authors, Nao20 12 A1203), has not been ascertained. Schairer and BowenBt

do rot present this compound on their diagram. Pablo-Galan and Foster [24h

propose that the "f alumina" field should be located along the "corundum - -

carnegieite" boundary line. The point at which the corundum, f alumina and

carnegieite fields meet should then be not a eutectic, but a reaction point.
- - I

The partial system Na 2 0" A120 3 " 6SiO2 -- SiO2 is a simple eutectic, with

a eutectic containing 68.5 weight % Na 2 0" A12 0 3 . 6SiO2 and melting at 1062 - 30.
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obtained a solid solution at 550%° with the structure of trid~vmite at a 10 mole 0/

SiO2 content.

-225-

,- 0 • .



The partzil system Na 2 O0 A12 0 3 6SiO2  -Na 2 O0 2SiO 2 also is a simple

eutectic; the melting temperature of the eutectic is 767 ± 30, and the compo-

siio, a - l *6SO2 Zqweighty06 Thi system is not binary ic the
2 2 3 2

con'necting line intersects thie Na 0O 2SiO2 and Na 0* Al 03 GSiO 2 fields. The

Na 0O SiO2 and albite phases are incompatible.

-00-

11,00.P 95.S

a 025 s5o 7

Fig. 152. Phase diagram of partial

syste'-i Na 2 Q0 A12 0 3 SiQ 2 -- Na 2 O0

Al12 0 3 (from Sch~irer and Bow en).

Key:

b . Carnegieite
c.Weight%

wihIn the partial -. era Na 2 O A12 0 3 * 6SiOD2 - - orundurn, t~here is a eutectic,

wt inal mre-mbers diffe-nng stroa~gly in melting temper~ature, containing 1. 5 I
weight 76 A! 0) ir. all ai~d me)ting at 1103 ± 3,*. I

LhB partial system NaO 0 A1203 2SiC) -- corundum is a eutectic, with a

eutectic containing 7 weight 0/ Al 03 and melting &t 1475 ±1O¶. Unstable
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crystallization of "y altumina" from glasses of any composition also is observed

here.

) The partial system Na 2 0. A12 0 3 - 2SiO2 -- Na 2 0" A 2 0 3 is characterized

by formation of the continuous series of carnegieite type solid solutions (Fig.

152). Becausv,' of volatilization of Na 2 0, the presence of small quartities of

corundum and ", alumina" usually is observed. The formerly assumed com-

pound Na 2 0 A12 0 3 " SiO 2 apparently does not exist, and the composition cor-

responding to it is one of the members of the continuous series of solid solutions

with a melting temperature of 17250. According to Schairer and Bowen, Na 2 0.

A12 0 3 melts at 18500.

-. In the partial system albite -- nephelite (carnegieite), Schairer and

Bowen observed NaAlSi 3 0 8 solid solutions in both nephelite and carnegieite,

with the solubility of the albite being greater in the low-temperature modification,

in connection with which, the carnegieite-nephelite inversion point is increased

from 1248 to 12800.

V-) Robertson and colleagues [29i plotted a phase diagram of the Na 2 O" A12 0 3 '

2SiO2 -- Na 2 " OA1M2 0 3 6SiO 2 system, at pressures of 15 and 30 kbar (Fig. 153).

The liquidus line is pl otted hypothetically. The authors think that nephelite

will change to the high-density, polymorphic modification designated nephelite II

at high pressures. It is evident from Fig. 153 that the stability regions of

albite and nephelite axe preserved in proportion to the increase in pressure. At

a pressure of 30 kbar, the albin +- nephelite associati in is unstable; however,

in the 1. esence of jadeite or liquid, these minerals may be stable.

At the present time, four modifications of the compound corresponding to

the formula Na 2 0A12 0 3A 2SiO2  NaAlSiO , , are accepted. Cubic, high-temperature
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Smith [37] at 850). For the IS-i P carnegieite transformation, as D. Roy and

R. Roy [311 demonstrated, it is stretched out over several tens of degrees:
from 669 to 694 upon heating and from 698 to 686l upon cooling.

• A phase diagram of the compound NaASiO , in wpressure-temperature"

coordinates, has been studied by Boyd and England [9s and Tuttle and Smith [381,
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the results of which are presented ;.n Fig. 154a and b, respectively. Accord-

ing to the data of the first authors, pure NaAlSiO4 is subjected to decomposition
O into two phases N (1) and N (2), the nature of which has not been established

precisely, at high pressures. The N (2) phase apparently is similar to jadeite

and is ,f the pyroxene type. Tuttle and Smith accept three modifications of

carnegieite and two of nephelite.

Jadeite Na 2 O. Al2 0 3 " 4SiO2 crystallizes in the monoclinic system; the

indices of refraction are Ng 1. 667, Nm - 659, Np -- 1. 654; the density

is 3.3-3.4 g/cm3 . It melts at 1000-1060°. tificial production of crystalline

jadeite involves great difficulties. Boyd and England [10] succeeded in syn-

thesizing jadeite under hydrothermal conditions. Rigbyand Hutton [26] ob-

served jadeite crystals when carrying out crystallization of glass in the presence

of sodium vanadate at 8000. However, heating to 9000 led to disappearance of

the jadeite and to the appearance of nephelite. Jadeite can be obtained under

high pressure conditions. Robertson and colleagues [29] studied the reaction

S) albite + nephelite = jadeite at pressures between 10, 000 and 25, 000 kgf/cm 2

and tenperatures between 600 and 12000. Birch and LeCompte [7] studied the

reaction albite = jadeite + quartz, at pressures from 15 to 25 kbar and tempera-

tures from 600 to 10000. The position of the reaction equilibrium line is ex-

pressed by the ratio P(bacs) = 6000 (t 500) +- 20 ( ± 2)t(°C). This expression

is in good agreement with the curve plotted by Kelley and colleagues [16], on

the basis of thermochemical data.

Albite Na 2 O" A12 0 3 * 6SiO2 is very difficult to crystallize, without fail in

the presence of mineralizers (sodium tungstate, magnetite, etc.). Barrer and

White [1] synthesized albite by the hydrothermal method, from a gel of the
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composition Na 2 0. A12 0 3 " nSiO2 (n = 4). The best results were achieved at

4100 and pH - 10.

ti b

60 , 1)N2J' gT .q(II)

400'
0 o g2o 30 40 500 MOO 1500

0 ptP.h6pot

Fig. 154. P-t diagram for NaAlSiO system (compounds);
a. from Boyd and England; b. from Tuttle and Smith;
Cg. carnegieite, Nh. high nephelite; Nj. low nephelite.

Key:

c. Nephelite
d. Pressure

_ e. P, kbar

It has been established recently that albite changes to the high-temperature

modification, which Laves [18] calls analbite, at a temperature of 700 ± 25°.

Laves and Chaisson [19] demonstrated that analbite has a lower index of re-

fraction and a higher specific volume than albite.

The careful structural studies of Ferguson and colleagues [14]

showed that "dimorphism" of NaAlSi 3 0 8 is a typical example of "order-disorder"

transformation. The problem of order in the feldspar group has been studied

t in detail by Marfunin [4]. Mackenzie [22] demonstrated the special, continuous

nature of the transformation being discussed.
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Fig. 155. Diagram characterizing interrelationships
of jadeite, albite, nephelite, quartz and coesite under
high pressure conditions (from Bell and Roseboom);

S ) I. invariant points; S. singular points.

Key:

a. Jadeite d, Coesite
b. Albite e. Nephelite
c. Quaitz f. P, kbar

The effect of pressure on melting temperature of albite has been studied

by Boyd and England [10] and Roberts and colleagues.

Bell and Roseboom [6] have plotted a complete diagram of albite-jadeite-

nephelite transitions, in "pressure-temperature" coordinates. The complete

phase diagram of the nephelite-quartz system, up to a pressure of 50 kbar, is

presented in Fig. 155. Ir, r,:otting this diagram, data of earlier investigations
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were used (Robertson and colleagues [29], Schairer and Yoder [34], Birch and

Le Compte [7] and still older works). The most interesting section of the dia-

gram is depicted on a large scale in the upper left corner. The incongruent

melJng curves of jadeite and albite begin at points I1 and I2' and they end at

points S1 and S2 . Melting of jadeite proceeds by the same path as that of

albite. Both albite and jadeite have a certain section of incongruent melting.

At a pressure of 32 kbar, the albite composition of the liquid is exchanged for

a jadeite composition.

qI0 /0

Afb~m ~J Keap

Fig. i56. Phase diagram of partial system
albite -- silica at various pressures (from
rT th).

Key:

a. P, kbar
b. Albite
c. Tridymite
d. Quartz
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According to Newton and Kennedy [21], the line dividing the a3bite and

jadeite-quartz mixture fields is defined by the equation P (bars) - 6800 + 18.6

t (VC), and the corresponding line, characterizing the reaction albite + nephelite -

jadeite, by the equation P (bars) - 25 t (°C)-4000.

Luth [20] has studied the system Na 2 0- Al 2 0 3 - 6SiO2 -- SiO2 under various

pressure conditions, bringing it up to 20 kbar. The eutectic temperature was

increased in this case, and the composition changed according to a complex

function: At the beginning, some increase in silica content was exchanged for

an increase in feldspar concentration. In Fig. 156, the phase ratios in the
system are presented in "temperature-pressure" coordinates. The line char.

acterizing the quartz -tridymite inversion was borrowed from the work of

Kennedy and colleagues [17]. The curve characterizing the albite-liquid

equilibrium was plotted from Boyd and England [11].

Ringwood and Major [27, 28] showed th,_ jadeite is stable at least up to

the pressure of 180 kbar (9000). The authors propose that, by analogy with

germanium jadeite, the reaction NaAlSi 2 0 6 (jadeite) - NaAlSiO4 (new phase) +
I!

SiO 2 (stishovite) takes place at higher pressures. To clear up this question,

it is desirable to study the behavior of germanium silicate jadeite solid solutions

NaAl (GeSi)O4 . Reid and colleagues [25] propose that the NaAlSiO4 modification

existing at high pressure has the structure of calcium ferrite CaFe2 0 4 , and

that the transition of nephelite into this modification is accompanied by an in-

crease in density by 46. 6%.

Scdl..m aluminosilicates, which are richer in alkali than nephelite, are

known. Dominikiewicz [121 obtained disodium aluminosilicate 2Na 2 0* Al 2 0 3 " 3

2Si9 2 synthetically, by annealing r.ephelite with soda. Borci:ert and Keidel [8]
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consider disodium aluminosilicate as the finai member of a series of solid

solutions of the NaAlSiO4 -- Na20 series. The fcrmation of such a solid

U solution takes place by means of introduction of sodium oxide into lattice

vacancies of 4 carnegieite, which stabilizes the structure and prevents its

transition to the e form.

Yakovlev [5] has described the compound 2Na 2 0- A12 0 3 2SiO2, which is

a weakly amsotropi3 substance, with an index of refraction of 1. 531 and density

of 2. 58 g/cm . It reacts with aluminum oxide, forming 9 carnegieite and

sodium aluminate.

Manvelyan [3], by annealing a complex aluminosilicate mixture contain-

ing soda, obtained a uniform product, to which he ascribed the formula Na 2 O

A12 0 3 -SiO2 . The indices of refraction of this compound are N - 1. 519-1. 524.
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K 120 - - A12 0 3 -- -i

The system has been studied by Bowen and ScA*1airer [2, 3, 15,21, 22]. A

phase diagram of the K0- - Al 2 0 3 -i - i 2 system is presented in Fig. 157,

according to Osborn and Muan [17].

There are the following t-arnary compounds in the system: K Al 03

2Si0 2 , calcilite; K Al 03 4Si0 2 leucite; K Al 203 6Si0 2 calcium feldspar

* (microcline, cirthociase and sanidine). The following partial binary systems

have been stlidied: 1. leucite -- SiO2 (Fig, 158)., in~congruent melting of calcium

K ~ feldsper take~s place at 1150 + 200, and the composition of the liquid phase
*foraning here corresponds to 57. 8 weight %leucite component and 42. 4 weight Jo
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silicic acid; 2. leucite -- corundum, eutectic comp oition (1588 - 50) K20 _i

19.9, AI 2 0 3 -- 29. 3, SiO. -- 50. 8 weight %; 3. calc,..n disilicate -- leucite,

eutectic composition (bid - 50) K20 -- 36. 9, A12 03 -- 7.4, SiO2 -- 55.7 weight

%; 4. rhombic KA!SiO4 -- leucite, eutectic composition (1615 ± 100) K20 __

24. 8, A1 20 3 -- 27. 0, SiO2 -- 48.2 weight %; 5. calcium disilicate -- KAlSiO4 ,

eutectic composition (923 ± 50) K20 -- 40.6, A12 03 -- 7.7, S -- 51.7

weight %; 6. calcium tetrasilicate -- calcium feldspar (Fig. 159), eutectic

composition (725 ± 50) K20 -- 26. 1, AI 2 0 3 -- 3.3, SiO2 -- 70. 6 weight %/;

7. KAlSiO 4 -- corundum, with the eutectic melting at 16800.

Calcium feldspar can exist in various structural states. The structure

of high-temperature sanidine and the nature of the Si and Al distribution in the

tetrahedral positions in it have been studied by Cole and colleagues [6]. Deter-

mination of the structure of orthoclase by Jones and Taylor [9] showed that

partial ordering of the silicon and aluminum atoms takes place in it; the symr-

metry is monoclinic, or negligible deviations from monoclinic are observed.

¶J According to Laves [11], orthoclase is submicroscopically paired triclinic

domains.

Microcline is the lowest temperature form of calcium feldspar.

Goldsmith and Laves [7] have shown that the lattice of microcline changes

within oroad limits, from monoclinic to triclinic.

The order-disorder processes in calcium feldspars have been studied by

irnrared spectroscopy [31 and nuciear magnetic resonance [4]. These methods

make it possible to detect the differences between high and low sanidine.

"Calcilite KAISiO4 , according to Rigby and Richardson (18], is produced

only in the presence of Na 2 0 at 650-1200°; however, Tuttle and Smith [25]
"28
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)polymorphic transformations of KAlSiO 4 is shown in Fig. 160. The structure

of calcilite has not been studied in detail; it is based on a tridymite-like
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skeleton. The structure of hexagonal calcilite has been studied by Claringbull

and Bannister [5]. Sahama and Smith [20] indicate the existence of ordered

(a =- 5. 15 A) and disordered (a - 8. 9 A) forms of calcilite. Beside hexagonal

calcilite, there is a high-temperature form O1, rhombic calcilite. The hex-

agonal calcilite : rhombic calcilite (0 inversion takes place slowly, and

the high-temperature phase (01) can be obtained by rapid cooling. Kunz [10]

gives a summary of the literature on rhombic calcilite. Tuttle and Smith (25]

have detected a second rhombic form of calcilite (0

2!

C86_5*1713 t 5

l3*Ir C-

3U 4_ 0.) ,'0, sl.

(~ew~m kO!~~6C9 2 42? 544

Fig. 158. Phase diagram of partial system

leucite (K2 0- A12 0 3 4Si0 2 ) -- SiO 2 (from Schairer

and Bowen).

Key:
a. Criel-otalite

' I). Leucite
c. Tridyr-ite
d, Calcium feldspar
e. Weight % 2 -
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Fig. 159. Phase diagram of partial system

K2 0 4SiO2 -- K0 Al 2 Q0 6SiO2 (from Schairer

and Bowen).

L) Key:

a. Leucite
b. Weight %

Synthetic caliophyllite [25] is not identical to natural caliophyllite, but it

is a disordered form of natural caliophyllite.

Leucite KAlSi2 0 6 is encountered in two modifications (16]: low-tempera-

ture (tetragonal crystal system) and high-temperature (cubic crystal system).
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Fig. 160. Phase diagram of KalSiO4 con;:ounds
N1

(from Tuttle and Smith); C1 rhombic KAISiO4

Key:

a. Pressure
b. Calcilite
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"Fig. 161. Phase diagram of KAlSi 3 O8 -- SiO 2 system, in "P-t" and

'pressure -composition" coordinates (from Luth).
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-242



TABLE 1

BINARY INVARIANT POINTS OF
K 2 0 - - f203 - - SiO2 SYSTEM

Phse0Pocss Comp osition, weight% Tempera '!

Phases Process ___ _K 20 A1203  SIO ture 0 °C -

Calcium feldspar i tridymite 4- Eutectic 9.8 10.7 79.5 990 . 20
liquid

Tridymite + cristobalite --- Polymorphic 4.3 4.7 91 1470 " 10
liquid transformation

Leucite + calcium feldspar + Reactions 12.5 13.5 74.0 1150 ± 20
liquid

Calcium tetrasilicate4- calcium Eutectic 26.1 3.3 70.6 725" 5
feldspar + liquid

Calcium disilicate + leucite + " 36.9 7.4 55.7 918± 5
liquid

Calcium disilicate -+- hexagonal 40.6 7.7 51.7 923 -t 5
KAlSiO -t- liquid

Hexagonal KAlSiO4 -+- rhombic Polymorphic 35.6 19.0 45.4 about 1540
KAlSiO4 -+- liquid transormation

Leucite F- corundum + liquid Eutectic 19.9 29.3 50.8 1588 5 5
Rhombic KAlSiO4 +- corundum It " 27.4 37.7 34.9 1680 t 10

liquid
Leucite + rhombic KA1SiO 4 - " 24.8 27.0 48.2 1615 + 10

liquid

- i Luth [13] has plotted a phase diagram for the KAISi 3 0 8 -- SiO2 system,

in "pressure-temp .rature-composition" coordinates (Fig. 161). The system

was studied up to a pressure of 20 kbar. At a pressure of 20 kbar, leucite is

not found and only sanidine is present. Curves characterizing the equilibrium

sanidine + quartz + liquid and sanidine 4- leucite + liquid are presented on the

right of the ,2igure in "pressure-temperature" coordinates, and on the left,

in "pressure-composition" coordinates, curves characterizing the change in

compos n cf the nonvariant liquids, which coexist with the following phases:

sanidine + leucite, sanidine + quartz or sanidine -+ tridymite.

Seki and Kennedy (23] have shown that sanidine (KAlSi 3 0 8 ) and hexagonal

calcilite (KAlSiO4 ) can coexist at high pressures. The authors have studied the
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TABLE 2

TRIPLE LNVARIANT POINTS OF K2 0 -- Al 2 03 -- SiO9 SYSTEM

*Phases Process Composition. wei htj Tempera-
K&O A1 2 3  : 2 ture, 0C

Calcium feldspar -i- quartz -- Eutectic 22.8 3.7 3. 5 710 - 20
calcium tetrasilicate +
liquid

Quartz + tridymite +- Polymorphic 17.0 6.8- 76.2 867 - 3
calcium feld9par -ý- liquid transformation

Calcium feldspar + Eutectic 9.5 10.9 79.6 985 20
tridymite + mullite + liquid

Tridymite + cristobalite + Polymorphic 2.4 7.3 90.3 1470 ± 15
mullite + liquid transformation

Calcium feldspar + leucite 4- Reactions 12.2 13.7 74.1 1140 20
mullite + liquid

Leucite + mullite + 12.2 13.7 74.1 1315 10
corundum + liquid

Calcium feldspar + leucite 32.1 5.3 62.6 810 4- 5
i calcium disilicate +
41liquid

Calcium feldspar 4 calcium Eutectic 30.4 3.2 66.4 695 ± 5
tetrasilicate + calcium
disilicate 4- liquid

Leucite -* hexagonal KAlSiO4  " 39.3 7.8 52.9 905 ±10
calcium disilicate +--
liquid

Hexagonal KAlSiO4'+ rhombic Polymorphic 28.5 22.0 49. 5 about 1540
KA1SiO4 +- leucite +- liquid trans-

4 I formation
"o{eucite 4- rhombic KAlSiO 4 + Eutectic 22.1 31.3 46.6 1553 ± 5

corundum + liquid

reaction 2KAISi 2 0 6 (leucite) = KAlSi 3 0 8 (sanidine) t- KAlSiO4 (hexagonal cal-

cilite), using pressures up to 20 kbar, in the presence of water as a flux. The

index of refraction of hexagonal calcilite is 1. 37-1. 542, density 2, 59 g/cm3

For sanidine, the index of refraction is 1. 520-1. 53, density 2.57 g/crn3 .

Lindsley [12] has studied the melting of calcium feldspar under high

- pressure conditions; the triple point at which leucite + liquid, "high sanidine"

and liquid are in equilibrium, has the coordinates: temperature 1445 - 100,

pressure 19t 1 kbar.
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feldspar is stable even up to 1000% at a pressure of 60 kbar. Under hydro-

thermal conditions, formation of the hexagonal phase KA1Si 3 0 8 H120 takes

place, at 300-400° and pressures of 15-20 kbar.

Ringwood and colleagues [19] have demonstrated experimentally that

synthetic calcium feldspar KAlSi 3 0 8 (sanidine), at a pressure of 120 kbar and I
a ;emperature of 900%, undergoes a polymorphic transformation, changing to

a hollandite structure (space group 14/m, a - 9.38, c - 2.74 ± 0.01 A), with

ail average index of refraction of 1. 745. In the transition of sanidine to the

new modification with the hollandite structure, the density increases from 2. 55

to 3.48 g/cm3, i.e. , by 50%. The authors propose that leucite at high pr-ssure

disproportionates into hollandite and KA10 2 .

For summary data on the mineralogy of calcium aluminosiAicates, see

the book of Dir and colleagues [1].

BIBLIOGRAPHY

1 . Di~r, U.A., R. A. Howie, G. Zusman, Porodoobrazuyushchiye mineraly 3i [Ore-Forming Minerals], Vol. 4, Mir Press, Moscow, 1966, pp. 14, 268, 304.

I 2. Bowen, N.L., J. Amer. Ceram. Soc., 26, 9, 285, 1943.

3. Bowen, N.L., J.F. Schairer, Amer. J. Sci., (5). 24__5, 193, 1947.

4. Brun, E., St. Hafner, P. Hartmann, F. Laves, H.H. Staub. Zs. Kristallogr.,1 3, 65, 1960.

5. Claringbull, C.F., F.A. Bannister, Acta crystallogr., 1, 1, 42, 1948.

6. Cole, W.F., H. Sbrum, 0. Kenard, Acta crystallogr., 2, 5, 230, 1949.

7. Goldsmith, J.R., F. Laves, Geochim. cosmochim. acta, 5, 1, 1, 1954.

8. Hafner, St., F. Laves, Zs. Kristallorg., 109, 3/4, 204, 1957.

-245-

St

.......~.*. . A



9. Jones, J. B., W.H. Taylor, Acta crystalloar., 14, 4, 443, 1961.

10. Kunz, G., Heidelberg. Beitr. z. Mineral., 4, 1/2, 99, 1954.

-U' 11. Laves, F., J. Geol., 60, 5, 436, 1952.

12. Lindsiey, D.H., Amer. Mineralogist, 51, 11-12, 1703, 1966.

13. Luth, W. C. , Amer. J. Sci. , 267A, Schairer vol. , 325, 1969.

14. MacKerzie, W. S., Mineral. Magaz., 30, 225, 354, 1954.

15. Morey, .3.W., N.L. Bowen, Amer. J. Sci., (5), 4. 1, 1922.

1.Narmy-Sz-abo, St., Zs. Kristallogr., 104, 1, 39, 1942.

17. Osbara, E. E., A. Wuan, in: E. M. Levin, C.RI. Robbins, H. F. McMurdi-e,

Piq.s.e Di,&ýr::i s for Ce~ramists, USA, Columbus, Zig. 407, 1964.

18. RIgby, G, ii. , H M. Riczizardson, Mineral. Magaz , 2ý8, 197, 75. 1947.

19. Rinigwood, A. E., A. F. Reid, A. D. Wadsley, Aca crystallorg., 23, 6,
1093, 19037.

20. Sahaina, Th. G., J. V. Smnith, Amer. M-Ineralogist, 4L2, 3-4, 286, 1957.

21. -Schairer, J. F., J. Geol.,. 58, 5, 512, 1950.

22. Sc~hairer, J. F. , N. L. Bowen, Amer. J. Sci., 253, 12, 681, 1955.

23. Seki, Y., CL C. Kennedy, Amer. Mineralogist, 49, 9-10, 126"; 11-12,

1688, 1964.

24. Smith, J. V., 0. F. Tuttle, Amer. J. Sci., 255, 4, 282, 1957.

25. Tuttle, 0. F., J. V. Smith, Amer. J. Sdi., 256, 8, 571, 1958.

BeO Al- A10 3  SiO2

The system has been studied by Galaknov (2] and Ganguli a~nd Saha 161.

Galakhoxv studied the regi'on adjacent to the alumina apex (Fig. 162). In the

[region studied, there are two invariant reaction points: betv-een the fields of

co~rundum, mufli~te and BeO' 3A1 0 of the composition 6 weight Jo BeO, 74
2 3'

weight c5c A19 0 and 20 weight 01, Sic)2 with a melting temhperature of 17800 and
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between the fields of BeO" 3A120 3 , BeO" A12 0 3 and mullite, of the composition

13 weight % BeO, 58 weight % A120 3 and 29 weight % SiO2 , with a melting

temperature of 16300. The boundary between BeO and 3BeO" A]20 is a reaction

one.

Ganguli and Saha [6) studied the region of the system adjacent to the

*?3ilica apex by the quenching method (Fig. 163). There is a eutectic (E 1 ) be-

tween the chrysoberyl, phenacite and cristobalite fields, of the composition:

6.0 weight % BeO, 11.3 weight % A12 0 3 and 82.7 weight % SiO 2 , with a melting

temperature of 1515 ± 5o. Points P 1 and P 2 are paratectic (reaction), and

they have the respective compositions: 3. 5 and 5.0 weight % BeO, 12 and 4

weigl't % A12 0 3 and 84.5 and 91 weight % SiO 2 , with melting temperatures of

1548 ± 5 and 1640 ± 150. Beryl 33eO- A12 0 3 6SiO2 (Be 3 A12 Si6 0 1 8 ) was ob-

tained at terperatures just below the eutectic, but the authors admit the pres-

ence of a small beryl field on the diagram, close to the eutectic point. Com-

bining their ret-2ts with the data of other authors, mainly of Galakhov, the

authoro plotted a pha-qe diagram of the system (Fig. 164).
•I

0 s Po .1

fog

090 20 4C 6d 7~ ;1!.,)

Fig. 162. Phase diagram of high-alumina portion of
BeO -- Al 2 0 3 -- SiOC2 (from Galakhov).

Key: a. Weight %T
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TABLE 3

CRYSTALLINE PHASES OF K20 -- A12 0 3 -- SiO2 SYSTEM

Crystal Crystal Unit cell Indices of Density,
Compound system appearance parameter refraction g/cm3

Sanidine KAlSi 0 Monoclinic, Flakes along a- s.56 ., . = .523, 2 57-

high- .emperaturg C2/m (010) b =-1 3...0 0;.. =1.5 2.58
Xp1.5t7.

(stable above 9009) P= !:o749u A , NP' 0.5t7.

[6]

Orthoclase Saxme Lamellar == .Sfi| 4 , ,g - .5236, 2.56

KA1Si308 [6] b = 2 .99 6j. NVm ,1.52O0,
3 c=7.193, Np =1.5188.

Microcline Triclinic, C1 a= S.174, .As= 1.525, 2.54
b -12.981, Xmn=1.522,KA~30 lo-c-- 7.222 i, Np = 1.6Sl

temprn aure 14] -9O041'.
I j 5059'"f ==5,70301

Adular KO" AlO 30 Monoclinic Short ; '=L .52., 2.5
()6SiO (stable t prisms Nm,1.523.ow Np t.519.

. low emperatures) NC-. p=0.,,6

Leucite KAlSi 0 low- Tetragonal Complex poly a 13.1, A "V, 1.:10 2.48
temperature [16f (pseudo- synthetic c=13.82 I"

cubic), I4 1 /a cleavage

( 'eucite KAlS0 Cubic, Ia3d Isometric a 13.4A - 4.S5 2.47

-high -teniperaitue crystals
(stable above 6201)
[16]

Calcilite KA1SiO 4  Hexagonal, a 2.. NO =2 .s' 2.59

[24] P6 3 22 c=8.7 o -'= O1.52,0

Calcilite rhombic Rhonibic a=o.t,
01 [24] b= 15r.7.

Calcilite rhombic b-= to.5,
02 [24] 8.5A

"rricalcilite [20] Hexagonal, - 85.6.

P63 (?)

Tetracalcilite Hexagonal, Needle- N-g o.5. , - NP -

K3 NaA 4 4 0 1 6 [24] P6 3 22 shaped W= s.50. very low

Caliophyllite synthetic Same Priamatic a-= 5.2. .V5.-.:'. 2.. X
(glass has N a 1. 508) 1. ; . -
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Fig. 163. Phase diagram of high-silica

portion of BeO -Xt p2h03 eSi 2 systemlI

(from Ganguli arL haha).

Key:

a. Bromellite d. Mullite I
b. Phenacite e. Cristobalite
c. Chrysoberyl f. Weight J

Van ValkenLurg [9] determined that beryl inelts incongruently at 1457,

dissociating into, phenacite and liquid.

Miller and Mercer [7], using a heating microscope, have studied the

thermal decomposition of beryl in greater detail. The phenacite and liquid,

forming as a result of dissociation of beryl at 1450%, forms chrysoberyl and

liquid upon subsequent heating. Both crystalline phases coexist in the 1450-

14750 range. In the 1475-1490* temperature range, chrysoberyl gradually de-

J composes to formation of BeO. After holding for 6 hours at 1490%, only one

", 1crystalline phase, beryllium oxide, is found.
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Fi .e164. Phase deagram of BeO A 2 A0p 3  formS es2

system (from Ganguli and Saha, taking account of
diata ofFe 3 . wih% TO.

a. Weight C 0/

As a result of crystallization oi beryllium glass, Miller and Mercer

obtained a new compound, vihich they call the hybrid beryllium alurninosilicate

phase. The new compound c-2,n be considered eihier ae a beryliiurr -containing

muilite, with the formula Be AlSiAl3 O 10 or as a compound formed as a result

of substitution of aluminum for beryllium w beryl, with the formula Be Al Si3 O06

Ganguli and Saha [5) have studied the thermal breakdown of beryl, using

the natural mineral, containing impurities of Fe2 Q0 (0. 65 weight %/), TiO2

(0. 24 weight 76), CaO (0. 25 weight 0/) an~d MgQ (0. 13 waight %j). The total

~>alkali content was 0. 87 weight 0/, Ne :- 1. 574 and No .578, density 2. 66

g/cm. At 1507 2 2, beryl melts incongruently, wiih decomiposition into
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phienacite, chrysoberyl and liquid. Phenacite is present up to 15230. Complete

melting begins at 1627° The primary phase in crystallization of the melt is

O' chrysoberyl. Glass of beryllium composition has an index of refraction of

1. 525. The authors propose the presence of liquation of the beryllium glass.

Crystallization of beryl from glass takes place only in the presence of nuclei,

added small crystals of beryl.

Riebling and Duke (81 observed phase separation of the nielt, correspond-

ing to the beryl composition (or close to it) at temperatures over 16000. The

authors think that, during incongruent melting of beryl, dissociation of the

Si 6 0 18 ring and appearance of discrete BeO4 tetrahedra and A10 6 octahedra

takes place.

Ebelmen [3), and then other investigators, have accomplished numerous

syntheses of artificial beryl, emerald Be3 A12Si 6 018. Large, high-quality

monocrystals of emerald have been obtained by the hydrothermal method by

Flanigen and colleagues [4]. The indices of refraction of these crystals:

No = 1. 569, Ne - 1. 563; density 2. 56 g/cm3

Bakakin and Belov [1), as a result of study of large number of natural

beryls, have determined the limits of possible replacement of beryllium,

aluminum and silicon by other elements.
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MgO -- A120 3 -- SiO2

The first studies of the system were done by Rankin and Merwin [32] and

Bowen and Greig [11]. According to their data, the only tcrnary compound in

the system is cordierite. Foster [221 also established the presence of sapphirinep C in the system, together with cordierite, and conjecturally plotted the field of

its crystallization in the diagram. The presence oi a small sapphirine stability

field was confirmed by Keith and Schairer [28, 35]. according to whom the

temperatures of the three invariant triple points: 1. spinel + sapphirine +

mullite + liquid; 2. sapphirine + mullite + cordierite + liquid; 3. saphirine +

spinel + cordierite + liquid, are 1482 ± 3, 1460 + 5 and 1453 ± 50, respect-

ively. Still another compound, pyrope, was obtained subsequently. The most

complete triple diagram, in which all preceding studies were correlated, was i
offered by Osborn and Muan [31] in 1960 (Fig. 165).

Cordierite 2MgO- 2A12 0 3 5SiO2 has an incongruent melting character,

forms a series of stable and metastable solid solutions and has a number 09

polymorphic modifications (see belo%). Dittler and Kohler [20] and Schreyer

and Yoder [441 detected spinel MgO" A1 20 3 in the decomposition products of

cordierite when melting.
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Fig. 165. Phase diagram of MgO -- A12 0 3 -- Sio 2
system (from Osborn and Muan).

Key:

a. Two liquids g. Sapphirine
b. Protoenstatite h. Mullite
c. Cristobalite i. Periclase
d. Tridymite j. Spinel
e. Cordierite k. Corundum
f. Forsterite 1. Weight Jo

The composition of sapphirine has not been conclusively established up

to now; Foster proposes the formula 4MgO* 5A 2 0 3 2Si102 ý Mg 4 Al OSi 2 0 23 .

There must be 80 atoms of oxygen in the unit cell of sapphirine; therefore,,

the average Si content will be 7. 00 and Al, 33. 98. The number of silicon atoms

in the cells varies between 5. 96 and 8. 07, and of Al, f rom 3 1. 0 to 35. 99. The
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Fig. 166. Phai3e diagraitn of binairy profile

cordierite - - Mg beryl (from Tiyam a).

a. Mullite
b. P: ot-enstatite-
c. Cordievite
d. Mg beryl
e. Weight %

S(in which the charges are not balanced) can be represented in the form

MO Ai, 1475% cnoclinic synthetic sapphirine [23] melts in-

congruently into spinel and liquid. B&jow this temperature, sapphirine is

compatible with cordierite, spinel aud mullite. Sapphirine may not be encounter-

ed with forsterite, per:clase or ,tiinoenstatite. Schreyer a yd Seifert b43] intro-

duced the formula 2MgO" 2A1 20 • SiC. for sapphirine synthesized under hydro-

, thermal conditions (13 kbar, 9000); the average index of refraction is 1. 69S "

o. On3 0",

SLM



A limited series of solid solutions, beginning with cordierite and pro-

ceeding in the -direction of the hypothetical magnesiu.n beryl 3MgO. Al 2 0 3

6SiO is shown in Fig. 166. In formation of the solid solutions, heterovalent
2

.9+ 4+ 34-
isomorphism, according to the scheme Mg' - + - 2A13 - appears. The

maximum solubility of Mg beryl in cordierite is fourd at 13500. and it is over

20 weight %.

Schreyer and Schairer [421 have fcund a sirall region of solid solution3

in study of the ccrdierite-Mg,1O 3 profile (rig, 167). Solubility, limited to a
ralue of less than 1 weigh÷ % MgSiCO3 , also is at a max:mum at a temperature

a lit*le abov- 1350*.

In study of the coracierite - MrO-A1 20 3 profile (Fig, 168), solid

solutions were not found. Figs. 166 and 167 Dermit representatinm -:f cquilib-

rium concition3 in crystallization of ccrdierite close to th9 lquious tempera-

tures anr varLiiori• in its composition.

Badnixev and Zlochevskaya (2], occupied with synthesis of a spinel-mullite

(, •) ceramic, investigated the fusibility diagram of the binary partial system spinel --

mullite. The minimum fusibility, at approximately 18000, was found with

equimolecJlar ratios oi mullite and spinel,

Schlaudt and D. Roy [371 have studied two profiles: MgAl 2 0 4 -- Mg 2 SiO4

(Fig. 169) and MgO -- Mg 2 SiO4 . Solid solutions were found in these partial

systems. The maximum solubility of MgAl 2 0 4 in the forsterite structure is A

0. 5 mole % overall at 17200 (double eutectic temperature). Somewhat over

5 mole % Mg 2 SiO4 can enter the spinel structure at this temperature. The

- solubility of MgO in forsteriLe is limited to 0. 5 mole % at the eutectic tempera- 4

ture 18600. Up to 11 mole % Mg 2 SiOI can enter the periclase structure at this _•

temperature.
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Fig. 167. Phase diagram of binary profile cordierite -

enstatite (from Schreyer and Schairer); a. cordierite--
enstatite profile; b. section adjacent to cordierite.
Key:
c. Forsterite f. Protoenstatite
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Schlaudt and D. Roy have established the existence of ternary periclase

solid solutions in the MgO -- MgAl 2 0 4 -- Mg 2 SiO 4 system, extending up to a

composition of Mg 0 . 8 5 3A10 , 0 6 3 Si 0 . 0260' at a temperature of 17100 (eutectic

among MgO, MgAl 2 0 4 and Mg 2 SiO4 ).

tJnder certain conditions, the ternary compound 3MgO" A1 20 3 - 3SiO2 ,

pyrope, belonging to the garnet group, can be found in the system.

-Medvedeva and Popova f!) have synthesized, pyrope Mg 3 A12 (SiO4 ) 3 from

a mixti3e of MgO Mg(N 3) 2 6H120, Al(OH) 3 and Si 2 , zt ,resres of 60-120
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k1ar and a temperature of 1500 ± 1500. The resulting crystals have a zonal

structure. The: index of refraction on the periphery of the grains was 1. 720-

1. 725 and, in the central part, 1. 735 and higher. Skinner [45] and Ford [21]

present lower incdces of refraction: 1. 714 and 1. 705. At the liquidus tempera-

ture, this compound is unstable and it decomposes upon heating into a mixture

of forsterite, spinel and cordierite. However, at elevated pressures, tho

temperature region of stability of pyrope is considerably enlarged. Boyd and

England (13] have plotted a preliminary, incomplete diagrarm of the stability

field of pyrope.

Z7 10 0 947510050

Fig. 169. Phase diagram of partial system

Mg 2 SiO4 - - MgA12 0 4 (from Schlaudt and
D. Roy).

Key: 4 ;

a. Spinel
Fib. Forsterite do a

c. Mole %

Berezhnoy and Karyakin (1] and Pavlushkin and colleagues (4], studying

solid phase reactions, found t!.'t, at any oxide ratios in the MgO -- Al 20 -

Sio 2 system, the initial reaction product is magnesium spinel MgAl 2 0 4 , the
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reaction of xvhich with si~lica leads to formatiomn of sapphirine or cordierite,

depending on the composition of the initial mixture. flasr.- and colleagues [331

have studied the solid phase reactions in the Mg~iO 3 - hIAgAl G 4 syst-efr ard

BodadEngland [17] have studied the plaase r~Lo nteMO- A 2 0.

Sio sytemat ighpressures. Taking aecci:unt of their prevrious work [(1?, 14 -

161, as well' as the research of Srnhreyer and Yode;.' [44] and Clar't [19'., thc

() At atmospheric pressure, cordierite coexists with many phases of the system:

J mullite, tridymite, protoenstatite, forsterite, spine-l and sapphiiine. At

g elevated pressures, the ni:..nber of phases with which cordierite can coexist

decreases. At a pressure of 8 kbar and 11000, whmn cordierite still is stable,

it can ~.rystaJllize in equilibrium with only three phases: alumina-contzoining

enstatite, sillimanite arid quartz. At 21 kbar and 14C00*, whenl pyrope is stable,
it coexists only with alumina -containing enstatite, sapphirine and sillimanit3.

At elevated presbures, pyrope can cxystallize In equilibrium with many phases.

Ringwood and Major (341, have studied the partial system MVgSiO 3 --

A12 0 3 under high pressuv'c '-onditions. Glkssc' _-unta'ning A12 0 3 from 5 weight

Jo to the composition of pyrope, i. e, 25. 3 weight %l A'l2 03, were subjected to

pressures of from 110 to 200 kbar at 9000. The reaction products were garnet

and clinoenstatite. MgSiO3 (up to 50 ,,,e,--,ht %) was iJncluded in thv! g:,rnet

structure. The unit c,-1 parametL-r inrctCoses appr,-c~ably in this case.

{ Cordierite is dizrtiPguished by cormplex polymorphis--n. Besides the

formation of metastable modifications and intermediate phases, the Ps'&sence

-260-



of regions oi u-dformity (solid gulutions) is -naracteristic of cordierite.

Theref-ire, it is mo~re nearly correct to speak of coraierite-like phases.

0 The following four co,-dierite (cordierite -like) phases can be encountered

na the literature at the present timne:

1. q~ cordierite, "high" co:-dierite, inctialite phaee; diis modification is

obtainedlt-, r'-tpii, hign-temperature (I0OG -.1300 0) cry-stallization of glass of

* composition 2:2:5 or closEc to it. The crystal~s are characterized by hexagonal.

symmetr~y. The structure is disordered at a constant composition. Trhe rarely-

encountered natural cordierites are similar in st-.ictui-e to artificial ar cordierite.

Mi-ashiro [30], fi~'ding this variety of cordierite in Vaccaro clay shales in

SIndia, called them indialite and proposed calling artificial V(cordier-fte by this

nameý, The unit ce'll parameters: a = 9. 7698, c = 9. 3517 A (according to

Schreyer and Scha.irer [42]) and a = 9. 782, c = 9. 365 A (accordinig to Miyashiro).

ArCo-'Iing to Toropov and Sirazhiddinov [8], crystals of Ct nordierite are urn-

axial, with Aindices of refraction Ng 1. 523, Np = . 520; the density is 2.513
43

2. cordierite, "low" cordierite, rhombic ccordierite; it is obtained by

low -temperature (below 9500) prnolnrged crystallization of glass. It is stable,

and it is character~zed by rliambic symmetry with an ordered structure. It

exists stably up to the solidus temper-ature. In the presencc' of the liquid phase,

it changes into c( cordierite (9];

For the natural mineral, Schreyer mid Schairer present indices of re-

eractionl Ng =1. 520. N, =- 1. 517 and density 2. 507 g/cm ;2 the unit cell para-

meters ar'- a = 17.11621, b =9. 7208 and c 9. 3389 A; the crystals are biaxial,

negative, with a large optical axig angle,
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Toropov and colleagues [6, 7] have determined the conditions for the

mutual transition c r • cordierite; hexagonal cordierite, after prolonged

holding at 1400%, changes into "low" rhombic, stable up to 14400; at 14600, the

reverse transition to the high-temperature cf modification takes place;

3. Osumilite phase; this cordierite-like metastable phase was obtained

by Schreyer and Schairer [411, by crystallization of glass containing more

silica than in cordierite, at a temperature of 1050-12500; there is a similarity

with the mineral osumilite (earlier taken to be cordierite); the osumilite structure
is based on hexagonal double rings (Si, A1) 1 2 0 3 0 ; the indices of refraction are

No = 1. 545-1. 547, Ne. = 1. 549-1. 551; (+)2V usually is 0°;

! 4. "Petalite" phase; this cordierite-like metastable phase was obtained

by crystallization of glass rich in magnesium oxide and silica [41]; str'.icturally,

it is similar to lithium aluminosilicate Li2 0. A120 3 " 8SiO2 , petalite; the com-

position of the synthetir "petalite" phase probably lies in the triangle MIVO

2SiO2 -- MgO. A12 0 3 8SiO2 -- MgOQ A1 20 3 3SiO..

Data on the polymorphic differeuces in the comnpound 2M?.-)" 2A12 0'" 5SiO2 ,

according to Eitel, are presented in Table 1.

A whole seriep of inte-mediav structural slates exists between Ci anid j.

cordierites, which are evaluated, according to Miyashiro [29, 30] and Iiyan'a [261,

b[y the so called orderliness index (see [5]).

The coefficient cf thermal expansion of tordierite, according to Hummel

and Reid (25], is 20" 10-7 degrees in the 25-1000 range. Sugiura and Kuroda

[46] show that cordierite undergoes a certaindeerease in volume in the 20-5000

range.

I.. .



TABLE 1
CRYSTALLINE PHASES OF MgO -- A12 0 3 -- SiO2 SYSTEM

m I Cianl . nm .. -
Coweuemxe XPUact- raonny uocr. NI Nm Np N9 - Np 2V' Ipo..l..

mooas ponia""0A Pull UUMMA-

I" A . 50s.. - ,..24 000 5-, 2.57-2.65
3M.90.2AI( -5SIO, s t Doxa 3.5.-3.(aqumCras.r.-mye01it+ a

CUPtCKa tnine 'O) ,-) t1 cc- iR$3M0 AI,0. • 31O, * 9. Ht'+On - - 1.700''++++''• -- --- - 2.5--3.9•

5FCgO - GAW 0, • O .S . Io0- PTaSO.'.a. _ 1.7?,"-1.734 1.707-1.= t.704-1.72P 0.003-0.006 69 3.%) .- 3.5

Key:

a. Compound j. Natural sapphirine
b. Crystal system k. Hexagonal
c. Appearance 1. Cubicd. Cleavage m. Monoclinic

e. Optical orientation n. Prisms
f. Density, g/cm 3  o. Fibers
g. Cordierite p. Sheets
h. Crystallizes from glass q. None

below 9250 r. Very small
i. Natural pyrope

The corclierite structure has been studied by Bystrow [181, Zoltai [47]

and Gibbs [24J.

The majority of the cordierites are optically positive. The change in in-

dices of refraction 4re independent of the atructural state of the cordierite [44].

Rankin and Merwin [321 have f,)und a metastable phase, the compoaition of

which varied from MgO. AI 2 0 3 " 2. b511- to MgO- AI 2 0 3 - 3SiO2 . Karkianavala and

Hummel [271 called this phase /U cerdierite and -"-surned it to he .i.estructui-a.

with high -temperature spodumene LiAlSi2 06.
- 20; -
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Schreyer and Schairer [40], studying the partial system MgAl 2 4 --

SiO26 found metastable solid solutions with a high-temperature quartz structure.

L The authors assume that 58.7 weight % SiO 2 can be replaced by the sumn of the

oxides Al 2 3-+ MgO. The indices of refraction of quartz-like solid solutions

are prcsEnte-l in Pig. 17G. The composition 73.25 weight % SiO 2 , 7. 58 weight

% MgO and 19. 17 weight % A1 2 0 3 corresponds to an isotropic phase, which is

not bi-efringent (No = Nei. Here, the optical indicatrix changes i*ts optical

sign f 'om minus to plus.

Torop%.v crd SirazhidcAinov [8], by low -temperatuee (about 800*) c-ystal-

lization -f glass containing over 35% S,022 obtained metastable solid solutions

, vith the high-temoerature quart. structure and indices o; refraction Ng 1. 540

ar.d Np 1 1. 537.

Structural ccnersions of metastable quartz-like solid solutions have been

studied by Khcdakovskaya and Pavlubhkin [10] in sitalls. A sharp increase in

the maximum (102) is observed on the diftracltog--ams of tfe qucrtz-like phases

at 1050', which is interpreted as an approach of the solick sclution stracture to I
that of low-temperature quartz.

Scheel [361 has shown that crystals (1-2 mm long) -3f metastable, quartz-

"like solid solutione can be grown in a matrix of glass, of the composition MgO.

A120 3 ' 3SiO,. subjected to three months of heat treatment, with gradual increase

in temperature from 6Ut0 o 8000. The crystals grew on the walls of a narrow,

cylindrical channel u.:illed in the glais and filled with flux of the composition
Li..4WO-Li 2O" 3

Schreyer [38, 391 demonstrates the pos-e.,ility of isomorphic replacements
Si 4+ 2 3  an 3A1 +Mgt

in cordierite by two systems: Mg + Sij 2A1 and 2A3 + 2

2Si 4 As a result of such replacements, four types of cordierite can form: '
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Fig. 170. Indices of refraction of meta-
Sstable, quartz-like, C% -quartz structure

solid solutions (from Schreyer and Schairer):
Dotscompost'.on of initial glasses, from
which solid solutions were obtained by means
of crystallization.

Key:

a. Indices of refraction d. Cordierite
b. Sapphirine e. Weight %
c. Mg-eucryptite

1. cordierite, "supersaturated with silica," i. e., containing an excess of

silicon, as a result of isomorphic substitution; 2. vordierite, "incompletely

saturated with silica"; 3. cordierite, "supersaturated with alumina (aluminum)";

4. cordierite, "incompletely saturated with alumina (aluminum)."

For the cordierite -- silica profile (Fig. 171), the solid solution is con-

sidered to be cordierite, "supersaturated with silica, " "Si cordierite. " It is

evident here that the transition of "high" cordierite to "low" is accomplished

through the stage of structurally intermediate cordierite. The cordierite solid

solution forming in the binary cordierite -- "Mg beryl" profile, is not saturated
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Fig. 171. Portion of phase diagram of
cordierite -- silica binary profile in
region adjacent to cordierite (from
Schreyer).

Key:

a. High cordierite e. Cordierite super-
b. Nc cordierite saturated with
c. Structurally inter- silica (low cordierite)

mediate cordierite f. Weight %
d. Low cordierite

with aluminium (alumina). The region of existence of "iow" and "high" cordierite

in this profile is shown in Fig. 172. In the conversion region, a change takes

place in the orderliness indices. A region with variable silicon and aluminum

content in the triple diagram according to Schreyer is represented schematically

in Fig. 173. Stable solid solutions are represented here, in the form of two

j heavy lines, proceeding from theoretical cordierite 2:2:5. One of these solid

solutions is "silicon (silica) supersaturated" cordierite and the second, j
"incompletely aluminum (alumina) saturated." Continuation of the heavy lines,

just like the dotted field, is a region of metastable cordierite solid solutions,

which should be considered as ternary solid solutions. Schreyer admits the .4
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Fig. 172. Portion of phase diagram of

cordierite -- Mg-beryl (3MgO. A12 0 3

6SiO2 ) binary profile in region adjacent

to cirdierite (from Schreyer).

Key:

a. Nc cordierite
b. High cordierite
c. Conversion region with changing

values of orderliness indices
d. Only low cordierite
e. Low cordierite -1
f. Cordierite not saturated with

aluminum (low cordierite)
g. Mg-beryl
h. Weight Jo

existence of metastable solid solutions, going from cordierite approximately

in the direction of mullite. At 1320, 1355 and 14000, binary cordierite solid

solutions are observed. Beginning at 14200, ternary solid solutions, existing

up to 1460%, appear.
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CaO -- A12 0 3 -- SiO 2

The study of this system, carried out by Rvnkin and Wright [1i*] at the

beginning of the twentieth century, was thought to be the start o; development

of a major section of silicate chemistry, the study of heterogeneous phase

eqilibria in complex silicate systems.

A phase diagram of the system, according to Osborn and Muan [17],

reflecting the state of the principal studies in 1960, is presented in Fig. 174.

Osborn and Muan introduced changes and refinements into the Rankin and Wright

d-ag,.'am, in accordance "ii'dh the works of Greig (liqiiation, [11]), Filonenko

and Lavrov (plotting the CaO. 6A12 0 3 field [4]), Toropov and Galakhov (congruent

melting of mullite [2]), Langenberg and Chipman (refinement of the isotherm

positions [14]) and others.

Gentile and Fost:.e. [9] think that calcium hcxaaluminate CaO" 6A12 0 3 has

its fVild in the diagram, but the area of this field is somewhat smaller than
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in Filonenko and Lavrov. The triple invariant point anorthite - - corundum --

calcium hexaaluminate, according to Gentile and Poster, has the composition:©
SCaO -- 28.0, Al 2 0 3 -- 39.7, SiO2 -- 32.3 weight % (melting temperature

1405 - 50), and according to Filonenko: CaO -- 23.0, Al 20 3 -- 41.0, SiO 2 --

36. 0 weight % (melting temoerature 1495 ± 59*. The version of the diagram

proposed by Gentile and Foster is presented in Fig. 175.

19 80A

80 b ioO- -`&(1U

Fig. 175. Phase diagram of partial
system CaO -- Al203- SiO2 bound- "

ed by compounds CaO" A120 3' 2SIO 2P

2CaO" A1203" SiO2 and CaO" 6A12 0 3 3

(from Gentile qnd Foster).

Key:

a. Corundum
b. Anorthite
c. Gehlenite
d. Weight %
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Fig. 176. Phase diagram of partial system CaO"

S , ~Sio, - CaO" Al203 (from Rankin and Wright).

F.ey: _

i a Gehlenite

b. Wei~ght •

• -• The systems CaO" -A.l 0 2SiO2- silica, according to S-. hairer and

: ,Bow en [2 11, CaO' Al20-2 SiO2 -- a'i2, according to Osborn [161, CaO" Z.

Al203- 2SiO2 -- IAi203, anorthite 2CaO"A A103" SiO, 2CaG" Al203' SiO2-

C a " iO a d C a " 12 a"Si 2 -- 2C aO " SiO 2 , act-3rding to R ankin ard

•, ~Wright [191, are simple cutectics The system CaO" SiO2 -- CaG-A1.'03in•

which gehlenite comes into being, is p-es--nrted in Fig. 176, accordir,,g to the •

Scata of Rankin and Wright. The profile connecting CaS.-O, and the eutectic

Sb~tLween anorthite and gehle.Lite, studied by Yoder 122], in which there is :

=grossularite 3CaO- AI203- 3.SiO2 in the low-temperature region encL)mpassed i

: (up to 400'), is shown in F~g. 177 The part of Vie 3CaO, ý-J, -- AI2G 6

; - ~275 -
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prcfile up to 1. 2 weight % AlO 3 has been studied by Bigar6 and colleagues [5],

in connection with study of the polymorphism of solid solutions of tricalcit:-

34) silicate.

Toropov and Tigonen [3] have studied the metastabie crystallization of

glasses of the anorthite -- wollastonite system, beginning at temperatures of

4000 below the eutectic.

Toropov [1] and Goggi [10] have examined the crystallization sequence

for various portions of the system.

According to recent data, anothite, C0O3 Al120. 2SiO2 exists in three

modificatioas: The cornron triclinic and the recently discovered rhombic and

t hexagonal, which are not analogs o0 the correspondiig mcdJificaticns of BaOD

A1203 2SiO2 . Production of the two latter modifications is described by

Davis and Tuttle [7J. It is interesting that the rhombic phase was not separated

out by crystallization of pure anorthite glass, but was obtained from v. meAt

.4 containing 20 mole ,% plagioclase (the remaindr was anorthite), by crystallization

at 9500 for a period of four days. The hexagonal modification of anerthite nas

been studied in detail by J. Dornay and G. Donnay 181, who demonstrated the

co.nple:-ity of its szructure.

"At high temperatures, the hexagonal and rhombic anorthite chage to the

common triclinic, but in the presence of watei, 7000 is suff-cient for this

transition. Tae latter circumnsEance forces the new anorthite modifications to

be cons-oered metaste.le. However, Yoshiki and 'zolleagues 123], on the basis

of dilatoinetric measurements, think that hexagonal anorthite is a stable

rnodification ip to 3001, ch.-ri!ng to triclinic above this temperature, the stability
Slini. of nhich extond• to the relting temperature 15500. In at -dance with

- 2i'6 -
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Fig. 177. Phase~ diagrem of partial system
wollastonitc - - anorthite + gehlerite (eutectiv)
(f rom Yoder).

Key:

j a. Pseudowollasl~onite d. Wcliastonite

b. Anorthite e. Grossularitec. Gehleriite f. Weight 7

, zi

Fig. I7I., Hypothetical phase diagran of CaAlbSi2 O ]
system (ccrnpounds) (from Yos-hiki).

Key.

a. Vapor pressure
a b. Rhombic anorthite

c. Hexagonal anoithite
d. Trriclinic anortkite

.. Melt

-277-



TABLE 1
INVARIANT POINTS OF CaO -- 2CaO" SiO2 -- 5CaO. 3A12 0 3 SYqTEM

(from Goggi)

tII
a;I~UWI C7;mm' :p7ij

C"a( •l A14) s 'jo: ; •"

;;Ca() .SiO. #*;tnccokiilaqlmt 73.59 - 26. 4J i) 111 -20
2CjO.0if ila-1,,0•eml0 65.00 -- 35.00 213oJ ;-2o

3WaO.A l 0 e;•RtceillialI 62.22 37.78 -- 1535 1- 2 2
5GaO.3A11I f IJ1al4eInue 47.73 52.22 4ii5 - 5
CaO -3CtO.SiO 3-- 2CaO.SiO, I Tpofiuian peax- 68.4 9.2 22.4 1900 420i11ll10liliRi TOqx.,a

CaO-3CaO Si-3W O.AIO2 T, ;meo 49.7 32.8 7.5 1470 5
3CaO.SiO--2CaGO.eiO--3CaO. 58.3 33.0 8.7 14554- 5

A15,O.3"\!0,

Key:

a. Phases f. Melting
b. Process g. Triple reaction point
c. Composition, weight % h. Same
d. Temperature, 0C i. Eutectic
e. Dissociation

the hypothetical phase diagram of the CaAl 2 Si 2 0 3 system in "pressure-

temperature" coordinate3 (Fig. 178), rhombic anorthite is metastable at all

temperatures.

Un-•"r high pressure conditions, two compounds appear on the phase

diagram ,.. die system: grossularite 3CaO'A12 0 3 3SiO2 and pyroxene, of

the composition CaO- A12 0 3 SiO 2 = CaAl 2 Sio 6 (see the works of Yoder [22]

and Clark and colleagues [61).

flays [121 has studied the reaction CaAJ2 Si 2 0 8 (anorthite) f- Ca 2 A12SiO7

(gehlenite) 1- A12 3  3CaAl 2 SiO6 (pyroxere) ,rnder high pressure conditions.
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Fig. 179. Stability region of CaAl 2 SiO6 (pyroxene)

vs. tvmperature and pressure (from Hays).

Key:

a. Corundurm d. Gehlenite
b. Pyroxene e. Grossularite
c. Anorthite f. P, kbar

The boundary line between the three-phase field ol axorthite +- gehlenite +

corundum and the pyroxene field is shov;,n in Fig. !i. Dissociattirn of pyroxeao

takes place with further increase in pressure: 3CaA12SiO6 Ca 3 Al 2 Si 3 O 20

2A190 3 . Correlating existing data in the literature [15, 18J and dtdding the re-

sult• cf his own experiments, Hays determined the posit'on of the boundary

lineu (straight lines) between the three-phase field of anorthite + gehlenite 4-

wollastonite and the grossuiarite fie!dO, and between the two-PIase fields of

anorthite +wollastonite and grossularite + quartz (Fig. 180). The reaction 4

3CaAl 2 Si 2 8 = Ca 3 Al 2 Si 3 O 2 4-2AI SiO 5 +Sio taking place at pressures

over 20 kbar, r•so has been studied by Hays.
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Key:

a. Anorthite
b. Gehlenite
c. Wollastonite
d. Grossularite
e. Quartz

f. P, kbar

Clinopyroxene CaAl 2 SiO6 , synthesized by Hays 113] (pressure over 12

kbar, 10500), had indices of refraction: Ng = 1. 730 ± 0.02, Nm = 1. 714

0. 002, Np = i. 709 ± 0. 002; 2V (calculated) 59 ± 150. density 3. 431 ± 0. 002

3g/cm3. Clark and colleagues [61 consider this compound as a calcium

"Chermak molecule."

Ringwood and Major [20] have showed that, by subjecting a mixture of

90 weight % CaSiO3 and 10 weight % A1 20 3 to a pressure of 150 kbar (,90*)
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TABLE 2
CRYSTALLINE PHASES OF CaO -- A12 0 3 -- SiO 2 SYSTEM

•-':lli||e|I)p.tCTa•O1B r•GoITyc' C|laflzOc~lb illCTb. Y [ p 'Itf hul opIlelluITpOIul({k

F C34l 31U11{sO i" ~ll
Ii - . -......-. . .

I a I• raujmt~i• Iu.'1,.1 no (001) 35",
no (00{) l uo1ucrneT -.

It 110) Wn1010 ?0O-

*a-,. ,)SiOo. 1.' roTparo- "13epa, Alcuam 3.14 1.669 1.658 - (-)

CaO.Al.O.0'si(). •P~~~- to;me - - 1.65 1.675 so.•moii z.• ; mn o.,xnwa6

3C,•0 I)-.\1:0 .S0. (lij,,c. -,cos'G t~l:{• -- (!01- i .3i.. tor-;ka nuuo~.'-at--:;

Key:

a. Compound 1. Tetragonal
b. Crystal system m. Rhombic
c. Appearance n. Cubic
d. Cleavage o. Blocks, sheets
e. Density, g/cm p. Grains, sheets, prisms
f. Optical sign q. Fibers
g. Optical orientation r. Perfect along (001) and along (010)
h. Anorthite s. Distinct along (001)
i. Gehlenite t. Large
j. Natural grossularite u. Extinction angle along (001) 35', poly-
k. Triclinic synthetic tw ins

v. Sometimes anomalous birefringence

a garnet phase can be obtained, wnich is a mutual solid solution between

grossularite 3CaO" A12 0 3 ' 3SiO2 and CaSiO3 . The unit cell pararmeter of the

phase discovered is 11. 87 A (11. 851 A for grossularite).
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SrO -- A12 0 3 -- $102

The system has been studied by Dear [2, -S], who determined the subsolidt.3

phase ratios (annealing at 1350"). Three ternary compounds were founc-

strontium anorthite SrO. A120 3 2SiO2 and the compcunds discovered toy Dear

2SrO" A12 0 3 * SiO2 (strontium gehlenite) and 6SrO" 9A12 0 3 " 2S3O2 . The phase

relationshipk: in the system and the coexisting phase triangles for 13500 are

presented _;i Fig. 181. In subsequent studies, Dear [41 zynthesized scrontium

ockermanite 2SrO. A12 0 3 ' 2SiOQ, with crystals in the tetragonal s3ystem, optically

Spositive, and unit cell parameters a = 5. ) I and c -- 8. 025 A.

Starczewski [61 has determined ýne melting temperatures of mixtures

of the oxides by visual observations, identifying the Thases by the X-ray

niethod. He observed two tern;.ry compounds: SrO- Al 2 0 30 2SiO2 meling

congruently at 17650, arid 2GrO. A1,03' SiO2, melting incongruently at 17050.

The fusibility diagram of the s, stem is presented in Fig. 182.

The compound SrC' A12 0 3 " 2SiO 2 can be relerred to the feldspar group of

minerals. Crystals of this compound apparently belong to the triclinic system
[5], with indices of refraction: Ng = 1. 586, Nm i. 582 and Np 1.5174;
density is 3. 12 g/cm3 , () 2V 701.
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Fig. 181. Diagram of coexisting phase

triangles of SrO -- Al 2 03 -- SiO2 system

in subsolidus region at 1350' (from Dear).

Key:

a. Weight%

Sirazhiddinov and Arifov [1] have studied solid-phase synthesis of the

compounds SrO- A12 0 3 " 2SiO2 and 2SrO- A12 0 3 . SiO2 . The initial substances

were SrCO3 or SrSO4 , aluminp and rock crystal or kaolin. Annealing was

carried out at 15000 (5 hours). The initial products of the reaction were

SrO. SiO2 (it formed at 10000) and 2SrO. SiO2 (it formed at 8000), which, re-

acting wiith A12 0 3 (over 11000), gives the corresponding aduminosilicates.

2
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BaO -- Al 2 03 -- SiO2

The system has been studied by Toropov and colleagues [5, 6], Thomas

[17] and Foster and colleagues [7, 10, 11, 15], by the quenchirng method.

The general form of the phase diagram of the BaO -- Ai20 3 -- Si0 2

system is presented hiJ Fig. 183a. Besides the binary compounds, the ternary

compound celsian BaO- Al 2 0 3 " 2SiO2 is shown on the diagram: as well as two

types of solid solutions: 1. a ternary solid solution in the section 2BaO.

3SiO2 -- BaO. 2SiO, -- BaO- Al 203 2SiO2 ; 2. a solid solution base( on the

incongruently rwelting compound 33aO. 3A12 03 2SiO2 (the second component

is barium rretasilicate). This -olid solution crystallizes in the form of

elongatcd prismatic crystalf with direct extinction. The refraction changes

within the following linits. Ng = 1. 224-1. 644, Np = 1. 615-1. 632, Ng-Np=

0. 009. I'he compound 3BaO- 3M 2 0 3 . 2SiO2 melts at 1550", with decomposition

into barium monoalurninate and Aiquid. Planz and Mueller-Hesse [12] obtained

the compound 3:3:2 by means c! a sokid-phase i'eaction, starting with barium

carbonate and mullite (or sillimarnite).

The r-ýigon of ternary solid solution. formed by celsian, dibarium tri-

eilicate and barium disilicite (sanbornite), c3t:,blished by Toropov and

colleagues, extends from the line connecting BaO 25iO2 and 2BaO 3SiO2 , on

the al"Lmina side, reaching up 0o 10 weight % A12 0 3 (Fig. 133b). With a

higher alumina coatent, a field of primary crystallization of cclsian is

reached. The points P and 0 designated on the diagranm are invariant,in
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solid solution formed by celsian (BaO" A12 0 3
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Key:

S. Weight %
d. Solid solution -*
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Fig. 184. Indices of refraction of ternary solid
solution for three profiles with differing constant •
alumina content (frorn Toropcv and colleagues): i1. 3 weight % A1203; 2. 6%; 3 9.

a. Ternary solid solution
b. Weight

which point P is a eutectic with a melting temperature of 1320, and point

Ois a reaction point with a melting temperature of 12800.

The index of refraction of crystals of the ternary soid solution ford

I the three profiles with fonstant alumina content of 3, 6 and 9 weight % is

presented in Fig. 184. The change in optican prolerties takes place in two

directions: along the lines parallei to the BaO - - SiO 2 side and along lires .

go.7 g frorn this side to the cent-ral portion of the triangle. This change in

optical properties of rhe crystols separated out can only explained by the
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Fig. 185. Sections of BaO l A203 -- SiO2 triple

diagram proceeding from BaO -- SiO2 side: Constant
SiO content: a. 45, b. 39, c. 33 weight To.

,' Key:

i d. Weight 0/

fact that they are formed from three components. The changes in the indices

Ng and Np vs. composition are shown in Fig. 184. The indices of refraction

S) ) ~forliesBaO- 2SiO2 and BaO" SiO2 are constant and are represented by horizontal
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Fig. 186. Phase diagram of partial system Ba.&1 Si 08-

S'iO2: a. from Toropov and coll1eagues; b. from Foster

and Lin.
II e Key:

c. Celsian f. Tridymite

d. Cristobalite g. Sanbornite
e. Mull.!re h. Weight%

Vertical rrofilý:;c parallel to the BaO -- Al0 side, with constant silica

~ 40 60501W 0 203'060 0

content of 45, 39 and 33 weight i 1, are shown in Fig. 185a-c. The figure pre-

sented makes It possible to characterize the equilibrium ratios in the region

studied.

Foster and Lin [70 have shown that, if the data of Toropov and colleegaes

are used, th3 phase relationship diagram of the partia~l profile of celsian

(BaA12Si 208) -- silica is representea by Fig. 186a, i. e., the c'ombined presence

of celsian and silica is not observed, since a mullite field is located between

the tridymite and celsian fields. Foster and Lin have done experimental studies

of the partial system BaA l Si to th SiO2 and, in1 distinction from Toropov and
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Fig. 187. Phase diagram of partial. system
1)BaSi 2O 0 5 BaAl 2 Si 2O08 (from Lin and

Foster).

Key:

a. Hexacelsian
b. High sanbornite
c. Celsian
d. Low sanbornite

S) e. Weight T.

colleagues, they found that only one eutectic is observed here, of composition

51 weight 0/6 BaA1Si08 and 49 weight % SiO2 , with a melting temperature of

1311 4- (Fig. 186b). Carrying out prolonged crystallization of glass, the

authors obtained only crystals of BaAl 2 Si2 0 8 and silica, and did not find

sanbornite or mullite.

Lin and Foster [111, in study of the partial profile sanbornite (BaSi2 0 5) --

celsian (BaAl 2 Si2 0 8 ), did not find the ternary solid solutions indicated by

Toropov and colleagues. In accordance with Fig. 187, the system is a simple
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Fig. 188. Phase diagram of partial

system BaAl 2 Si2 0 8 -- 12 0 3 (from3
Semler and Foster).

Key:

"a. Corundum
b. Hexacelsian
c. Celsian

d. Weight %

eutectic, with a eutectic melting temperature of 12270, at a content of 69 weight

0% sanbornite and 31 weight % celsian. In samples obtained by fusing the

corresponding r.i i ures in an electric arc, as was done by Toropov and

colleagues, i. e., under very low thermal exposure conditions, metastable

solid solutions can be obthined. By carrying out the prolonged (up to 270 hours)

exposure at 1200%, Lin and Foster did not find solid solutions.
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(from Semler and Foster).

Key:

a. Mullite
b. Hexacelsian

(_) c. Corundum
d. Celsian
e. Weight Jo

Semler and Foster [15] have studied the partial binary systems celsian --

alumina (Fig. 188) and celsian -- muflite (Fig. 189). The first of them is a

simple eutectic, with a eutectic containing 86 weight % celsian and melting at

1720 ± 100. On the phase diagram of the pseudobinary celsian -- mullite j
system, a special phase is corundum. The lowest temperature of appearance

of corundum (with a content of 38.5 weight To celsian), is 15540 (reaction

point).
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Schwiete and colleagues [13] have studied solid-phase reactions in the

S system.
A complex polymorphism, which is completely unstudied to this time, is

characteristic of the compound BaAl2 Si2 0 8 . Two polymorphic forms are

formed artificially, a rmonoclinic (celsian proper, tform) and a hexagonal

( form). The paracelsian found in nature, in the monoclinic system, usually

is considered to be a special modificat-on (6 form). There is evidence of a

rhombic form.

Celsian proper belongs to the feldspar group, and it forms a continuous

series of solid solutions with orthoclase. The monoclinic crystal system is

_) •assumed for celsian, and not the triclinic, as Taylor and colneagues thought

[161.

Some physical properties of three polymoiphic varieties of BaAl 2 Si2 0 8

are presented in Table 1. The monoclinic celsian and paracelsian modifications

are encountered in tha form of minerals.

The hexagonal form, with a lamellar lattice and perfect cleavage along

(0001), was first obtained by Ginzberg [1'. Especially pure initial materials

are required for synthesis of this form, and the annealing must be carried out

no lower than 15C0°, with subsequent quenching.

The hexagonal modification synthesized by Yoshiki and Matsumoto [18]

melted congruently at 19150, and it had a reversible transformation in the

metastable region at 3000. The crystals were very similar to mica, had very

good basal cleavage, were optically positive, with the following unit cell para-

meters: a0  5.25t 0.003, c0  7.84 - 0.01 A.
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TABLE 1
SOME PHYSICAL PIR PERTIES OF POLYMORPHIC

VARIETIES OF BaAl.2 Si- 8 (from R. G. Grebenshchikov- l

Polymorphic Unit Cell Den.;4y Optical
Form Symmetry Parameters g/cni Characteristics

Celsian Monoclinic a = 8. 627, 3.37 Short prismatic
( forn) b = 13. 045, crystals, optical

= -7.202x2A sign (+-), Ng = 1. 594,
= 1150131, Np = 1. 583, cleavage

Z = 8 perfect aloug(001)
'aracelsian Monoclinic a =9. 08, 3.31 Priamatic crystals,
(6 form) (pseudo- b =9.58. optical sign (-),

rhombic) c -8.58 A, Ng - i. 587, Np-

Z=4

SHexagonal form Hexagonal a =5.25 3.299 Hexagonal plates,
(i or high-tern- c = 7. 64A, optical sign (t),
perature celsian) c/a -al. 494 cleavage perfect

Z = 1 along (000.),
No u 1. 573

Yoshiki and colleagaes [191, synthesizing the hexagonal modification

("hexacelsian") of kaolinite and barium carbonate, by means of c.rrying out

the reaction in the solid state at 10000, demonstrated its transition at 12000

into celsian proper (Fig. 1&Oa). Hexacelsian exists in two enantitropic

modifications, with an ixversion point of 3000. Above 12000, c c( hexacelsian"

is metastablc with respect to celsian.

Seki and Kennedy [14] found th it, at atriospheric pressure, hexagonal

celsait- changes to monoclinic at 7000.

Grebenshchiko, [2,31 accepts only ,etlaiar, proper (e fcrrn), melting

equiponderantly at a40, ss a stable form. Ilexace.sian is considered to be
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Fig. 190. Schematic phase diagram characterizing

polymorphism of celsian: a. from Yoshiki and
colleagues; b. from Lin and Foster.._

Key:

c. Vapor pressure h. Hexacelsian
d. One atmosphere i. Celsian
e. Rhombic paracelsian j. Melt
f. Monoclinic paracelsian k. Paracelsian

(9 g. Monoclinic celsian 1. Rhombic celsian

a metastable modification, transforming to the celsian form at 2950, at all

temperatures.

Ivukina and Panova [4], by growing monocrystals by the method of

Verneil, obtained a hexagonal modification, which thus is the highest tempera-

ture form. The ronocrystals obtained were uniaxial, positive, negative

elongation, direct extinction.

Lin and Foster [10] carried out long tests under hydrothermal and "dry"

conditions. It was determined that monoclinic celsian is stable from roonm

temperature to 15900. when it slowly and reversibly changes to the hexagonal
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TABLE 2
INVARIANT POINTS OF B9O -- Al2 O3 -- SiO2 SYSTEM

njec..iCOC M3ont. %~

0__ _ __ _ _ 0. 0

A10,+3AI-0,-.281O .*1-3!O.Al0 3 . &Peaxtusn 25 .12 40 15.7 27 57.3 IM8
* 2.910, +wlmatowe~rb 

1

AI0 4-0a A ,i l0A , 4t 37 22 26.9 30.4 36.7 2610

%Tctid -an l; '.10 - GA 0, + It 48.5 35 10.5 33.8 .16.8 29.4 1580)
+ J%',0 A1.% - + kiia.vocnij

4. Al

Ta-r-uti p-aOl.I -1- 2•'i'.1 I SiO, + amPallma 63 14.5 2.5 44.3 U5.3 40.4 0330

-t-O 4" laO • - At) ,,- MIaO -f Ougm- i i 7 1 1tIl3./t1

21..,40 i l3?,-l .91 0,- SMi + ,IOi - a 64 10 2i 44 10.3 45.7 13. 0

%t iO•A.••710 "+ lltlt:1iHOCTt •

.. ;I 5 S1. 0 v1pzO, .1 -a- & 58 10 32 37.5 9.8 52.7 1320

-+" 100 • Al 0, • 2S1,. -. •!IC)•oiA t

""orp4-• lit, N1r0 4- I !S1Ol +i01C.(11111- 49 10 41 29 8.9 62.1 12D0
+.. I 0 .. AKl A), . :410 -"t- ol;diocm9

Dla() • 0I.' 1,1+4 1A10,3 2.A10.4- 1l1O. • 37 1i 52 19.9 9 71.2 1240
- AI.O, "-10, "t- 0,lw l:'Th

D- I ..-25W,-- S101 + 3AI O.$ 2Si0,-+ 4)tnelwfultm 3.2 It 57 16.4 8.6 75 1230"-a- A3i11,111CTI.•I

- Tlli';tw i i 4 lO 1 11 ,010-- 6'%1a103itl- 40?.?i II 34.8 39.7 25.5 1610
+ laO 180 l 0,.L )-a- l li-,tw .rbI

- Tnwpwiat le tvinp !. li1O . AIl 04 + 63 16.5 20.5 45 17.7 37.3 1340
+ 211n0 • SiO, -r illlimS

B.iO - Al.), 4 . 0lJ.il . Al 0,f 211.,0 - N6 1 IS P 49.3 20.2 30.5 5140
-" , +4- x" llw lo-.O bg

31tO • AIO. + Nli.0 I- 21l.10 - Sal). + 72 13 M 1, 55.34 15.1 29.6 1520• " -I-.j )4,,:,Ir,C,,t ]I.

RlaO. |I,0, "l. )IiIImueeth 41.1 27.2 11.7 75 25 50 1740

Key Key:

a. Phases I
b. Process
c. Composition
d. Weight %
e. Mole 141
f. Temperature, °C
g. Liquid
h. Solid solution
i. Reactions
j. Eutectic
k. Melting
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form (hexacelsian). The latter is stable up to the melting temperature of

17600 (Fig. 190b). Hexacelsian is easily supercooled and, in the metastable

state, it quickly and reversible changes to the rhombic foi n at 300%. Para-

celsian (the authors used the natural metal) is metastable at all temperatures; -

it changes monotropically into celsian proper through the hexacelsian stage.

These transitions are observed at 5000 and perhaps at still lower temperatures.

As we see, there are three points of view on polymorphism of

BaAl2 Si2 O8 , which are reduced to different interpretation of the position of

the hexagonal form in tl.e system: 1. The hexagonal form is always meta-

stable (Grebenshchikov); 2. The hexagonal form is stable in a lower tempera-

ture region than monoclinic celsian (Ycshiki and colleagues., Seki and Kennedy);

3. The hexagonal form is the highest temperature form, melting equiponderantly

(Ivukina and Panova, Lin and Foster).

Gebert [81 and Kockel and Oehlschlegel [9] have obtained a new barium

aluminosilicate, BaO" A12 0 3 ' SiO2 . Gebert heated a mixture of the composition

4BaO+ 3A122 0 3 + 3SiO2 in a platinum crucible, at temperatures between

1380 and 1450%, from 1 to 14 days. The formula of the new compound was

determined by means of an electron microanalyzer. Having hexagonm sym-

metry, the crystals had unit cell parameters a0 = 9.9 and co = 18.59 A.

Kockel and Oehlschlegel [9] obtained BaO. A12 0 3 - S10 2 by means of a

solid-phase reaction at 1380-1400°. The space group of the crystals is P6 3 ,

indices of refraction Ng = 1.636, Np =- 1. 628, the crystals are colorless,

there is insignificant cleavage parallel to (0001), and a strong anomaly of the

C optical axis is characteristic: 2V = 0-30o. The incongruent melting tempera-

ture is 14000.
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The authors did not find solid solutions between the compound BaO'

A12 0 3 " SiO2 and the compounds 3BaO 3A12 0 3 . 2SiO2 and BaO. SiO2 , or for the

O concentration region from 55 mole % AlO1.51 27 mole % BaO, 18 mole %

SiO2 to 30 mole % A10 1 . 5 38 mole % BaO and 32 mole % SiO2 , and only one

compound, the unit cell parameters of which were practically constant, was

found together with celsian and the binary compounds.

Planz and Mueller-Hesse [12] apparentlI obtained the compound BaO.

A! 20 3 SiO 2 , since the values of the interplaae distances and intensities which

they :.-)esented coincide vith xhose obtained by Kockel and Oehlschlegel.

According to the data of these authors, the compound being discussed melts

(9 incongruently above J.550%, forming BaO' A12 0 3 , hexagonal BaO" A120 3 " 2SiO2

and liquid.

Toropov and colleagues determined the concentration region of the sys-

tem in which glass can be obtaineu..i.
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ZnO Al A10 3 - SiO2

The system has been studied by Bunting [2]. Ternary compounds were

not found. Incoherent melting of muflite is indicated in the diagram introduced

by Bunting (Fig.. 191). In connection with the work of Toropov and Galakhov L1],

demoiistrating the congruent nature of melting of mulhite, the direction of the

lines fixing the boundaries of the corundum and muflite field~s must be changed.
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Fig. 191. Phase diagram of ZnO Al A10 3 - SiO2

s~ystem (from Bunting).

Key:

b. Mole T
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2 3 M2 3  S -02

The system has been studied by Bondar' and Galakhov [111, by the quenching

method. Ternary compounds were not found. A phase diagram of the system,

with isotherms plotted, is presented in Fig. 192. The diagram consists of 11
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( ) Fig. 192. Phase diagram of Y2 0 3 -- A120 3 -- SiO2

system (from Bondar' and Galakhov).

Key:

a. Two liquids
b. Weight ToI~I "

fields oi stability of the corresponding phases. The phase separation region

extenals up to 5 weight To Al 2 0 3 in the ternary system. Addition of alumina
2I 3

to a mixture of oxides in the Y2 0 3 -- SiO2 system shrinks the phase separaticn

region. While considerable phase 3eparation regions form and the production

of transparent glass is hampered in binary silicate systems with rare earth

element oxides, with addition of 1-12031 a region of opalescent glass (Al 2
0

3

content 8 weight %0) exists, together with a liquation region. At a higher A1 2 0 3

content, the glass is transparent.
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INVARIANT POINTS OF Y2 0 3 -- A12 0 3 -- SiO2 SYSTEM

S0

To!Ka b Coma.__WC._% Tenue-

,19

tPlUC.4EI Umu~cncc pgTipa.

IYj,0+2Ys0,.A12O,4 Y108- D)wriana 80.5 8.5 11.0 1840

2 2YO- -OI() -1Y.0, .SiO.-- Ik Peaxu 70 14 16 1680

,f Y -O.•.IO+3YO0.5., O+ 60 16.6 23.4 1600
+YxO .SiO-+*.'01CoCrAL

4 Y103.SiO,+2YaOv,-3SiOs+ . 56.5 18.2 25.3 1565
+3YO --")A %1-2+;Kmu.oci

5 3Y2O3 -5.\A..O'-2Y1 O '3SiO,+ 0 45 24.5 30.5 1400

86 AI=O.-:;,Loa-2'.iOI2YaO,. * 41.4 25.8 32.8 1385.÷ ~.3SiO, +':,•ui,.nrcy
7 W.0.2SiO.-YO:,-2Si0,+ 34.5 21.5 44.0 1360

" "8 3AI U.• iU--+Y203.2Si0-!3 Smmmai 32 22 41 110

Key:

a. Points (Fig. 192)
b. Phases
c. Process
d. Composition, weight %
e. Tomperature, 0C
f. Liquid
g. Eutectic
h. Reaction

SBIBLIOGRAPHY
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Nd 2O3 -- A12 03 -- SiO2

")* The system has not been studied. For the purpose of ascertaining the

effect of alumina on liquation processes in the Nd 2 3 - - SiO 2 system, Toropov
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and Kiseleva [11 added Al 0 to mixtures containing 80-90 mole % SiO2 .

Aluminum oxide does not eliminate phase separation of the liquids, but it

changes the mutual distribution of the liquids in the mass: in place c" separate,

considerable regionsvery fine drops form. j

BIBLIOGRAPHY

1. Toropov, N.A., T.P. Kiseleva, Zhurn. neorg. xhim, 6., 10, 1961, p. 2353.

PbO -- Al20 -- S02
2 3 -i 2

The system has been studied by Geller and Bunting [1) (Fig. 193). Three

4 ternary compounds have been distinguished: 8PbO" Al 20 3 " 4SiO2 o 4PbO.

A12 0 3 2SiO2 and 6FbO* A' 2 0 3 6SiO2 , melting below 10000.

6PWA -AlaS,

I- 1 .

, •~P AlA "2r, ,sz" • #s~
848 7.y735

I 1
lhupyHid 03(

4%A 85 b Bee 93 Pbo

Fig. 193. Part of phase diagram of P*O --

A12 0 3 -- SiO system in region adjacent to lead

oxide (from Geller and Bunting).

Key:

a. Corundum
b. Weight %
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TABLE 1INVARIANT POINTS OF PbO - - Al 03  SiO2 SYSTEM

2PhC-.8,O2+8Fl4.A1X,O.-48i02+ If Pamqm 85.1 j2.3 12.6 705
Pb0+8Pb0.1 .48oTVAb 92.9. 1.6 5,5 712Ab~+~0MO.S0+ +2
Pb N iO,,+ibgOcmC. io',2i~ + ? 85.7 6.8 7.5 897

PbO.AIOa+AIz(1 8+?+mv~uioc C 87.0 10.0 3.0 fOxo.no
PbO.SiO 3+SiO,+?+M1AH00Tcme 33urm ma 70.7 1.0 28.3 k~mino
PhO.Sio,-P2I4bo Si0s+C-j-CiOAI201a. 82.6 1.4 !0.0 C-9.5
MIDO.SiO*+OP'bO.AI:O,.OSiO,+ 0 84.6 2.2 13.? 70'

+4PhO.AI 0 .,,io.--.jcjsitgorIe
2PbO.F,0,d41PLOSi0'2+8Pb0. 8"W.8 1.2 9.0 69 1
4i0S6Ltf)08Pbo-~02 93.3 1.1 5.8 C-95

Pb+J'0A10-2i*+b- .252 .M 0 +~j;.CCT1

Key:

a. Phases
b. Pi ocess
c. Composition, weight Jo
et. Temperature, 0

e. Liquid
f. Reaction
g. Eutect-.c
h. Melting with decomposition
i. Same
j. Melting
k. About
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TABLE 2
CRYSTALLINE PHASES OF PbO -- A 20 3 - SiO2 SYSTEM

3- .^ •.si, -_.- ,-t~' -. •(RVO --
SPbO-AI-2SiO p .04 -3 Ip S

c. Optical sigu

Spo-484iX 0pycxu 2.08 2.0 u mpa4tpcrw
-PbO .A4i -28i0* f ~an- OI t.1 .93 (+)i2V*=o

G~0-~%-80, ypaw1.89 1.79 - k~pnp;w nora-
""te, yama-

Key:

(9a. Compound
b. AppearanceA
c. Optical sign
d. Optical cha~racteristics
e. Rods
f. Sheets
g. Prisms

h. Direct extinction, negative elongation

BIBLYOGRAPHY
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Cr 2 03- " /203 2 - Si0 2  ii

A fusibility diagram of the system has been plotted by Bron [1], and

solid solutions of chromium oxide in mullite have been studied by Pord and

Rees [3] and Murthy and Hummel [4].

Bron studied the fusibility of mixtures in the A -- Cr 2 0 3 --~~ fuii3t 2 3 Si02

system by aggregation of cones. The refractoriness of mixtures adjacent to
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Fig. 195. Diagram of phase relationships of Cr2 O3 --

S 2 0 3 -- SiO2 system (from Roeder and colleagues):

a. 18000; b. 15750.

Key:

c. Mullite
d. Corundum
e. Cristobalite
f. Weight%

with small expansion of the mullite unit cell parameters in this case. Further

(over 8%) addition of chromium oxide leads to dissociation of the mullite, in

which the alumina freed forms a solid solution with chromium oxide, and the

remaining alumina gives a melt, with silica separating out upon decomposition
of the mullite. At a composition of 53% mullite + 47% Cr 2 0 3 , mul-ite was

completely dissociated and, at room temperature, the product contained a

solid solution of "alumina -- chromium oxide" and about 20% glass.
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Murthy and Hummel [41 have determined that from 8 to 10 weight % of

chromium oxide can enter the mullte structure. Reaction of mullite with

Cr20 3 begins at 14000 and, at 17000, dissociation ol a small quantity of mullite

takes place, with formation of corundum.

The system has been studied in detail by Roeder and colleagues [51,

using the quenching method. The phase diagram presented in Fig. 194 is

characterized by a very large ficld of corundum solid solutions and a long,

narrow field of mullite. The cristobalite field is extremely small. Cristobalite,

a mufllite solid solution of the composition 61 weight % A120 3 , 10 weight %

Cr 2O 3 and 29 weight % SiO2 , and a carundam solid so.lution oZ the composition

4 ) 19 weight % A120 3 and El weight % Cr 2 0 3 , coexist in a tziple eatecctic, with a
liquid of a composition 6 weighp % A12 03 , 1 weight % Cr 2 0 3 and 93 weight %

SiO2 , at a temperature c-f 1580%.

A large region of two immiscible liquids covers the primary phase field

of corundum solid solutions. The -egion of hnmis-ible liquids on the SiO2 --

Cr2 0 3 boundary is in e0quilibri-um with the eolid phase at a temperature of

22500, and the minimum temperature of existence of the liquation region is,

approximately 1950%. The phase ratics at 1800 and 15750 are presented in

Fig. 195. The authors determined the parameters of the mullite solid solutions,

which can Le considered to be an A! Si2013 -- Cr6 S02 0 13 series. Diagram3

are presented in the article, which show the pathways of split (fractio-aI) and

equilibrium crystal.zation. According to Chadeyron and Rees [2], addition of

15% chromium oxide to a sillimanite refractory increases its resistance to the

action of iron slags.
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0 MnO A12 0 3 - i 2

The system has been studied by Glaser [2), Snow [31 and Galakhov [1).I U
Glaser established the formation of only two ternary compounds.

Snow, conducting a study b7 the quenching method, showed (Fig. 196),

by heating samples in a nitrogen atmosphere (the Mn 2 O3 content was negligible

in this case),that there are the folcw ng three ternary compounds in the system:

spessartite or manganese garnet (3MnO. A"2, 3 3SiO 2), raelting at 12000,

"manganese cordierite" (2MnO" 2A12 0 3 " 5SiO2 ), melting with decomposition,

forming mullite and liquid, and "manganese anorthite" (MnO" A120 3 2SiO2 ).

"Manganese anorthite" decomposes at 1055, with formation of mullite and

glass and, with repeated, prolonged heating at 1120-1150° and intermediate

cooling, it is replaced by "manganese cordierite." "Manganese cordierite"

is similar in structure to common cordierite (2MgO" 2A12 03 5SIO2 ). "Man-

ganese anorthite" can only hypothetically be compared with common mnorthite.
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TABLE 1
INVARIANT POINTS IN MnO - A12 03 - SiO 2SYSTE~M

WMNWOA..I,Os-MSO, 41-pnutusrr + m.3nweKa 30 19 51 1H40

Tý9UUtt~utT+3A1j,- 3 2Si0',+2h 110. jPenaulmn 24 23 53 1200
2A,% .0 .5Sio, 1;,w,'uHOr~h

3Mn.1% 2k "'0 1 .3Si()1 +A1%0 3+2AO. 33 24 43 1162)
2%1n0 O.2A120,.59i402+3A1,0 3 .2Sjix+ 32 25 43 1168

3Mn .I.~ 3SO..+~IO34 nO * 40 24 36 11t90

WnO Sio6#piuomrrmj.3AMu.AI, 303 - rera~ 38 13 49 1140

ANO .SiO. +3A1uO AI.0-O3 .3SiO2+ 50 It 39 116
j j-2MnO .SiO 2+a;iW11k fXT.%

3NfnO.AI,0 3.3Si0, NP p'uwToMnj 29 20 5t 1120

Y~pl.i~lT&Ml-~wP~t.+AiO, - 27 22 5t 1145
* 'SiO ±H,'wTkTMCT. f

3ýIn-A,3.Si2Aln-tf~n-o 31 23 416 1145
"Al 31'dO2SiO,-h,;t:,,to-i.ncm

MNO.v 2'q033Sio,+3.%12032.Si0*,-732.4:16

3NtnO- .0141.3~io.'-I jaalua~ist, 11. ww - - - 1

Key:

a. Phases g. Mn anorthite
b. Process h. Melt
c. Composition, weight % i. Eutectic
d. Temperature, 0C j. Reaction
e. Tridymite k. Melting
f. Liquid

6
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TABLE 2
CRYSTALLINE PHASES OF MnO Al- A10 3  S102 SYSTEM

comlfu I4PIKTaniJOD rar-11TYC zg Nr. 2Va Iopueumoposmj
ItnO -A1,O, (ranoi u) 1yi'mcza IOmavaW t.82m
*MnO . A1303 - "S10.* ITPn.nIttaa- 3aA~m:oth mone 1.026 1.606 (- plioracamluc

2M~nO . ?AI.Oj - 5510a kPOX6'hPekafta CeDA0uI-Hea- 1.0%8 I=37 -
(%In-01.1SC111T)CIrollninluf

-' .3.%In0 M.0I, -. 13510, 'jI;6nvc)xtn Vjotoe:x, pu I.R1O -

Key:

a. Compound i. Cubic
b. Crystal system j. Triclinic
c. Appearance k. Rhombic
d. Optical orientation 1. Octahedra
e. Galaxite m. Twinned sheets
f. Mn anorthite n. Pseudohexagonal -
g. Mn cordierite o. Dodecahedra
h. Spessartite p. Extinction of sheets 4-3*

20 : 80

Am'0 al 'a 0 v o Al

Fig. 197. Phase. diagram of MnO - - Alq 0 SiOn,
sstem (from Snow, with additions by Galho)

Key: a. Weight To
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FeO -- A12 0 3 -Sic) 2

The syst%,em has been siaidied by Schairer and Yagi [71 and by Galakhov [11.

In study of this system (as in all systems with FeC)), the possibility of forming

f erric oxide (Fe2 0 3 ) must be taken into account [71. In fusing mixtuires ofj

FeC), Al12 03 and SiC)2 in an electric arc, Fe2 O3 (up to 3. 5 weight Jo, according

'~to Galakhov, at a 23 weight % FeC) content) forms in the m~lts. Schairer and

Yagi have investigated the region adjacent to the FeC) - - SiC) side. Galakhov

has studied the alumina apex of the diagram. Osborn and Mluan [6], taking

account of the data of Schairer and Yagi and Galal&,ov, have plotted a phaa3e

diagram of the FeC) - - Al 03 - - SiC) system (Fig. 198), us~ing the data ofj

Toropov and Ga:.tahov [21 and Fischer and Hoffmann [5) on the A12 0 3 - - SiC)2

and FeO -- A12 0 3 systems. A single ternary compound 2FeO- 2A12C) 3*5SiC) 2 ,

iron cordierite, stable in the prasence of a melt, exists in the system. At

12 100, iron cordieriLe undergoes decomposition into mullite, tridymite ant'

melt. Iron cordierite forms feathery and fibrous aggr-egates of crystals,

having a negative principal zone and indices of refraction Ng =1. 574, Nm

1. 564 and Np =1. 551. The crystals are in the rnombic system; (-)2V is

large. As a consequence of the low crysti~zation rate of iron cordlierite,

the formation of metastable invariant points in the system is possible: fayalite +

tridymite +1 spinel +- liquid at 1073 ± 50 and rauliite + hercynite + tridymite +

r -314-
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:•, liquid at 1205 ± 100. Brownell [3), heating a mixture of FeO and mullite at .

10000 for a period of 44 hours, did not detect the formalion of solid solutions.

: At 11920, i. e., in the subsolidus region, FeO reacts with mullite, with formation
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INVARIANT POINTS OF FeO -- Al 2 03 -- SiO2 SYSTEM

I'I

FC I AhsI W02
6 2U" IPea•umas 2tafxonlu 89.3, 1150+5

+ + 10.7
K0opy+y+MY1M+Iepeu,,u?+WxA W0amm'a 75.8 5.9 18.3 1148+5h MflCrh ' 4
| opv1.t-'ylmrr +repqlmnT+HCUA tPeau•un 38 27 35 13W8045

"'PalpT +TP .4-. 6r -- 33.3 20 46.7 1210 f-5
iop0fnePU?+?I%"!IT+UyAdiIT+ 33.9 20.1 46.0 1205+10

iopavep1U rpfT+i•u3hr+-•an-T-+ 47.7 12.6 39.7 1088+5

Kop.IIepI~+ ' -TpiuE+ PtCeTnua 47.5 12.0 40.5 1083 1-5

Key:

a. Phases h. Corundum
b. Process i. Mullite
c. Composition, weight % j. Cordierite
d. Temperature, 0C k. Tridymite
e. Fayalite 1. Reaction
f. Hercynite m. Eutectic
g. Liquid

Ii

of FeAl 2 0 4 0and Fe 2 SiO4 . Schrairer and Yagi obtained glass in the FeO --

A12 0 3 -- Si02 system.

Schreyer and Schairer [9] have shown that silica-base, quartz-like

solid solutions form in the partial section FeAl2 0 4 -- SiO2 , but their concen-

tration region is smaller than in the MgO -- Al 2 0 3 -- SiO2 system. Accord-

ing to Schreyer [8], iron cordierite is stable under hydrothermal conditions

only above 400-600° (correspondingly, below 6-10 kbar).
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Coes [4] synthesized almandine garnet at a pressure of 10 kbar and a

temperature of 800-900*. At normal pressure and a temperature of 9000,

I i almandine decomposes in the solid state, with formation of hercynite, iron

cordierite and fayalite. The index of refraction of almandine glass is 1. 662.
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Fe 2 0 3 -- Al 20 3 -- 3iO2

The system has been studied roughly by Nowotvy and Funk (6]. Mixtures

of the oxides were melted in an oxygen atmosphere (pressure 110 atm).

Ternary compounds were not found. In the fusibility diagram, represented by

dashed lines (Fig. 199), a triple eutectic is recorded, located close to the

silica apex, has been recorded, as well as . reaction point, at which the

following process takes place: corundum (solid solution) + liquid mullite

(3A12 0 3 " 2SiO2) + hematite (solid solution). The authors did not observe
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solubility of Fe 2 0 3 in cristobalite. Compounds were not found (at 14000) in

the binary system Fe 2 0 3 -- SiO2 ; Fe 2 0 3 melts at 17300.

The phase equilibria in the system at the liquidus temperatures in air

have been studied by Muan [4] (Fig. 200). The dashed lines correspond to the

equilibrium ratio of Fe 2 03 -- FeO on the --..quidus surface, and they show

the location of points on the 0.21 atm 02 isobaric surface, relative to the

Fe 2 0 3 (FeO) -- Al 2 0 3 -- SiO2 plane. The presence of two quadruple

"penetrating (piercing) points" is characteristic of the system.

Brownell [3] has studied the solid solutions of mullite and iron oxide

(hematite). A mixture of these substances was annealed in air at temperaturE s

from 1000 to 1300%. With the increase in temperature, the amount of Fe 2 0 3

dissolving in mullite increased, amounting to 1 mole %o at 10000, 3 mole jo

at 11000, 10 mole 01 at 12000 and 18 mole jo at 13000. Inclusion of Fe 2 0 3 in

the muflite lattice caused its expansion. The index of refraction in-

creased in this case.

¶ ) Thermal soaking of the solid solution caused its decomposition, with

separation of ferric oxide; the solid solution obtained at 13000 disclosed de-

composition at 12000, progressing with decrease in temperature to 9000.

Ferrous oxide (FeO) does not dissolve in mullite and, at 11920, the formation

of ferrous aluminate and silicate is observed.

Accorcing to Murthy and Hummel [5], the maximum Fe 2O 3 content in

m. ite is 10-12 weight % at a temperature of 1450%.

Plekhanova and colleagues 121 obtr ined solid solutions of mullite with

ferric oxide by annealing (13000) a mixture of kaolinite and Fee2 0 3 P with

subsequent treatment with hydrofluoric acid. The maximum concentration

of Fe 2 0 3 in the solid solution at 1300° is 10 weight %o.
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Berezhnoy [11 carried out triangulation of the system, showing that

mullite coexists with Fe 2O 3 and FeAlO3 .
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CoO -- A32 0 3 -- SiOC2

The system has been studied by Dayal and colleagues [1] by the quench-

ing method. Crystalline phases are shown in Fig. 201, which occur in equi-

S linbrium with liquid: mullite (approximate composition Al 6 Si 20 1 3), spinel

(CoA120 4 ), cobalt orthosilicate •Lu 2 SiO4 ), cobalt monoxide (CoO), corundum

and silica (tridymite or cristobalite). It was shown by special tests that change

in oxygen pressure does not have an effect on the position of the invariant

"points, i.e., 9i1 of the cobalt is in the divalent state, The coexisting phase

triangles, as well as the invariant point temperatures, are presented in Fig.

202.

Noda and Ushio [21 produced crystallization of glass at pressures of

) 20-40 kbar and temperatures of 600-1900* and cobalt garnet 3CoO" AI2 0 3 . 3SiO2 ,

stable at temperatures of 1200 (pressure 23 kba:) and 1500* (24 kbar). At

320
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INVARIANT POINTS OF COO- Al 03  SiO2 SYSTEM

2O~D 3CC exe a

C.00 A1.03 810,

IiuJ+MyhT+wuzfuetI+xt- 25 41 is IM1

IM1He3U+.+yu1.T+SiO,+xIwA- 21 2 7 12

fl1111+Si0j+CoSiOJ+BXv-9 47 12 41

tl~i~m'tm.1L+COsiO.+Co0+NCIU-9 61 10 29 1340

Key: Reroduce'd fromKe:bs(9ilbl OY
a. Phases
b. Composition, weight Jo
c. Temperature, *C
d. Corundum
e. Muflite
f. Spinel
g. Liquid

lower P and t, dissociation takes place, with formation of CoO A 2 0 3 2CoO*

5i0 2 and quartz. The bright red crystals have N(D) 1. 82± 0.01 (250) and

unit cell parameter a =14.473±0.008 A.
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NiO -- Al 2 03 -- SiO2

The system has been studied by Phillips and colleagues [1) by the quench-

ing method. The phases were identified microscopically, and the X-ray method

was used sometimes. The authors gave a phase diagram of ternary system
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Key:
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* ~(Fig. 203). Ternary compounds were not noted. The partial binary systems

JNiO- Al 03  -SQ and NiO. Al 03  3A1 0 3 2~MO are binary eutectics, and

no other crystalline phases were observed, apart from the extremes. The
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The authors draw attention to the presence of a Ni 2 SiC)4 field in the triple

diagram, in which this compound is in equilibrium with the liquid, although
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nickel olivine is unstable at the liquidus temperature in the binary system J
NiO -- Sib2 . In the opinion of the authors, this situation is the only cxample

2N

j) found up to now in a system of refractory oxides.
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GALLIUM SILICATE SYSTEMS

Orlov [11 has studied the partial profile 3A1203 2SiO2 (mullite) -

Ga2Os by the quenching method. •

; -'-.

1600-

0 4 I' I80 Iv

Fig. 205. Phase diagram of partial system
3A1203A 2SiO2 -- Ga 2 0 3 (f rom Orlov).

Key:

a. Mole -37

-32



As a result of X-ray and IR spectroscopic studies, it has been determined

that the maximum solubility of gallium oxide in mullite is 35 mole % Ga2 Q3 .

w A phase diagram of the profile being discussed is presented in Fig. 205. A

eutectic containing 70 mole % Ga2 0 3 melts at 1620*. The limiting tolid solution

has indices of relraction Ng = 1. 677 and Np - 1. 664; pycnometric density is

33.69 g/cm ; unit cell parameters are a = 7.632, b = 7.749 and c = 2. 909 A.

BIBLIOGRAPHY
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YTTRIUM SILICATE SYSTEMS

MgO -- Y203 -- Sic 2

Suwa and colleagues [11 have shown that a region of solid solutions with

the apatite structure exists in the system. Synthesis was conducted by re-

peated annealing (with intermediate grinding) of the appropriate mixtures at

a temperature of about 15000 in air. The composition of the solid solution

varied from (Y4 Mg)Si 2 0 1 3 to (Y 3 . 3 Mg 1 . 3 )Si 3 . 4 0 1 3 •

The hexagonal unit cell of (Y4 Mg) Si3 0 1 3 had the parameters a0 9.298 -

0. 002 and cO 6. 635 ± 0. 001 A. The indices of refraction of this compound

are Ne = 1.81J ± 0.005 and No =' 1. 820 ±0.005.

BIBLIOGRAPHIY
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CaO -- Y203 -- SiO2

The system has not been studied full,. Toropov and Fedorcv [3, 41 have

investigated the partial system Ca -- Y in the range from 16504

to the melting temperature, using the quenching method. Below 1650%,Y(iO) •
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Fig. 206. Phase diagram of partial system

Ca 2 SiO 4 -- Y4 (SiO4 ) 3 (from Toropov and

Fedorov)

Key:

a. Weight To

undergoes thermal decomposition. The formation of limited Ca.SiO4 -base

solid solutions was established. The maximum concentration of Y4 (SIO 4 ) 3

is 42.5 ± 2.5 weight %/. For the limiting solid solution, the indices of re-

fraction are Ng = 1. 721 and Np = 1. 717; density is 3.52 g/cm3

The phase diagram of the C3 2 SiO 4 -- Y4 (SiO4 ) 3 system presented in

Fig. 206 is characterized by a eutectic of the solid solution and yttrium

orthosilicate, having a composition of 51 weight 76 7' 4 (SiO4 ) 3 + 49 weight 76

Ca 2 SiO4 , melting at 1750 - 200. Compounds of the anorthite type CaY2 (Si0 4 ) 2

were not found.

Depending on the composition, the solid solution takes op. the structure

of one of the three-temperature modifications of dicalcium silicate, c, d'
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or With an yttrium orthosilicate content of up to 5 weight %, the structure

of the solid solution corresponds to _Ca 2 SiO4 , at a Y4 (SiO4 ) 3 content between

10 and 20 weight 76-, the X-ray photo corresponds to 4" Ca2SiO4 and, finally,

the higher content of the dissolved substance, the cY Ca 2 SiO4 structure is
present.

Boykova and colleagues [1] have studied solid solutions in the series

3CaO" SiO2 -- Y2 0.g SiO2 . The maximum concentration of yttrium silicate

was 5 weight %.

Sokolov and colleagues obtained the compound Ca 1 . 5 Y3 (SiO4 ) 3, with

the apatite structure, and having luminescence properties [2]. This compound,

with a melting temperature of 16800, has indices of refraction Ng = 1. 809 and

3
Np 1. 806; the pycnometric density is 3. 82 g/cm , the calculated is 3. 86

g/cm ; the hexagonal unit cell parameters are a = 9.39 ± 0.03 and c 6.79 -

0.02 A.
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SrO -- Y 20 3 -- SiO2

Toropov and Mao Chzhi-tsyun [1 2] have studied two partial profiles:

Sr 2 (SiO4 1 -- Y4 1SIO 4 )3 and Sr 3 SiO5 -- Y2 SiO5 . The first pseudobinary system

At
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Sr 2 (SiO4 ) -- Y4 (SiO4 )3 (from Toropov and

( ) Mao Chzhi-tsyun).

Key:

a. Weight %0/

was studied in the 1650-21000 temperature range by the Qcenching method.

- The formation of Sr 2 SiO4 -base solid solutions was established. The limiting

solid solution contains 25 weight % Y4 (SIO4 )3 . The eutectic of these solid

solutions and yttrium orthosilicate contains 30. 3 weight % (30 mole %) Y4 (SiO4 ) 3 ,

and it melts at 17000 (Fig. 207).

Strontium orthosiicate melts without decomposition at 2060 t 50*.

The indices of refraction of pure Sr 2 SiO4 are Ng = 1. 756 ± 0.002 and

Np 0.727 ± 0.002. With increase in yttrium orthosilicate content in the

solid solution, the indices of refraction of the latter increase and reach up to

Ng = 1. 761 t 0. 002 and Np = 1. 737 -0. 002; on the other hand, the density

decreases from 4.51 to 4.40 g/cm 3
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The pseudobinary system Sr SiO Y SiO has been studied in the

region adjacent to strontium silicate, where solid solutions were found. An-

U nealing of compressed samples was carried out at. L400°. The solubility limit

of Y2 SiO5 in Sr 3 SiO5 is 3 weight %. Ternary chemical compounds were not

found.
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LANTHANIDE-SILICATE SYSTEMS

MgO -- La2 0 3 -- SiO2

Toropov and Mao Chzhi-tsyun [1] limited themselves to study of the

Mg(SiO4)- La4(SiO4) profile. In this partial system, formation of solid

solutions and ternary chemical compounds does not take place. The system

is a simple eutectic (the eutectic contains approximately 17 mole LallSiO4)3,

and it melts at a little over 15000).

BIBLIOGRAPHY

1. Toropov, N.A., Mao Chzhi-tsyun, Izv. AN SSSR. ser. khim., 12, 1963,
p. 2079.

CaO -- La 2 0 3 -- SiO2

The system has not been studied. Toropov and Fedorov [2] studied the

binary profile Ca 2 SiO4 -- La4 (SiO4 ) 3 by the quenching method, in the range from

16500 to the melting temperature (at 165 0 °,lanthanum orthosilicate dissociates
_}thermally). One region of solid solutions has been established in the system,

with concennt:'attons from 0 to 35 weight % La 4 (SiO4 ) 3 . The eutectic of the solid
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solution and La 4 (SiO4 )3 contains 57 weight % of the latter, and it melts at

1770 t 250 (Fig. 208).

OO

t70 ZO :•0s *L • a0
0 a 406GMx1oo

C6151 04j

Fig. 208. Phase diagram of partial

system Ca 2 SiO 4 -- La4 (SiO 4 ) 3 (from

Toropov and Fedorov).

Key:

a. Weight %

Toropov and Fedorov [31 have shown that, in samples of the solid solution

quenched from 1800-18500, depending on the lanthanum silicate concentration,

various high-temperature forms of dicalcium silicate are stabilized: from

1 to 10 weight % La 4 (SiO4) 3 , the solid solution structure corresponds to the
4

f' Ca SiO4 , from 10 to 15 weight % lanthanum silicate, together with lines
2 44

characteristic of 9 Ca 2 SiO4 , there are lines corresponding to al Ca 2 SiO4 ,

becoming single ones at 20% lanthanum silicate content. With further concentra-

tion increase of the latter, a diffraction image is recorded corresponding to

the or modification of Ca 2 SiO4 .
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Boykova and colleagues [1] studied a portion of the binary profile

3CaO- SiO2 - - La .S. Annealing of the appropriate mixtures was carrifd

out at 1400-14500, and fusibility of the system was not studied. La2 0 3 . SiO2

forms a solid solution with tricalcium silicate; however, it is difficult to

determine the maximum concentration. It ap;arently is over 5%, since a

solid solution with a higher index of refraction was obtained, than that for the

sclid solution containing 5 weight % La2O 3 . SiO2 , namely, 1. 732 vs. 1. 72.

The authors note that, in formation of the solid solutions, an increase

in amount of CaO above the stoichiometric 3:1 also takes place. The excess

CaO in the solid solution reaches 3-4 weight %. Formation of Ca 2 SiO 4 (in the

p and -r forms) was observed simultaneously.

BIBLIOGRAPHY
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SrO -- La2 0 3 -- SiO2

Toropov and Mao Chzhi-tsyun (1, 21 have studied two binary profiles:

Sr 2 SiO4 -- La 4 (SiO4 )3 and Sr 3 SiO5 -- La 2 SiO5 . The first partial system was

studied by the quenching method in the 1600-2 100' range, i. e., in the stability

region of Lad(SiO4 )3 . Solid solutions form only on the strontium orthosilicate

side, in which the solubility limit of La4 (SiO4 )3 is 20 weight %. The partial

-,,Iem studied is of the eutectic type, with limited solid solutions. The eutectic
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systeim Sr2 QSiO 4 ) -- La4 (Si0 4 ) 3 (from

Toropov &nd Mao ChzhW-tsyun).

Key:
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contains 50.9 weight % (25 mole 16) La 4 (SiO 4 ) 3 , and it melts at a temperature

"K)/ of 17300 (Fig. 209). The indices of refraction of the solid a'1ution increase

with increase in La4 (SiO4 ) 3 content, reaching up to Ng = 1. 765 ± 0. 002 k.nd

Np = 1. 737 ± 0.002 at a 15 weight % lanthanum silicate content, solid so.Iu-

3.
tion densities increase to 4.57 g/cm , in. this case. A solid solution can be

obtained, not only by crystallization from a melt, but as a result of solid-phase

reactions, by means of annealing a. 14000 for a period of 5 hours.

The partial systeri Sr 3 S.O 5 -- La 2 SiO5 has been studied in the concentration !

range from 0 to 50 weight %, in samples annealed at 1400°. The limiting solid

solution contains 10 weight % La2 SiO5 .

-337-



M{

Schwarz [3] synthesized ternary compounds with apatite structure, having

some regions of homogeneity.

( For the compound Sr 3 y La 6 + 2y/ 3 (Si0 4 ) 6 , y can change from - 1 to

-1; for Sr 4 _ La6 + 2 y/ 3 (SiQ 4 ) 6Oj 4 > y >, 0 and, for Sr 2 y La8 +2y/ 3 (SiO 4 )6 0,

2 > y - 0.
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Y 203 -_ La 2 0 3 -- Si0 2

Toropov and Gurudas Mandal [1] have studied the Y 2 0 3 • 2SiO2 -- La2 0 3 "

2SiO2 diorthosilicate profile by the quenching method. The corresponding

phase diagram is presented in Fig. 210. The diagram is of the type character-

ized by the presence of only limited mutual solubility in the system, which

apparently is connected with differerce in structures of the yttrium and lanthanum

diorthosilicates. The region of coexistence of mixtures of the two solid solutions

occupies a considerable portion of the diagram.

The compounds Y2 0 3* 2SiO2 and La 2 0 3 " 2SiO2 melt incongruently at

1775 and 17500, respectively, with decomposition into liquid and 2Y 2 0 3 " 3SiO2

and 2La2O 30 3SiO2 orthosilicates, the presence of which is noted on the diagram.

2 3 2
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Fig. 210. Phase diagram of partial

system Y2 Si 2 0 7 -- La2 Si2 0 7 (from

Toropov and Gurudas Mandal),
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Li2 0 -- CeO2 (CeO1 .5) -- SiO2

Bayer and colleagues [1] have studied the crystallization of glasses,

the content of which included 10-40 mole % Li20, 5-15 mole % CeO 2 and 55-80

mole % SiO2 , in an atmosphere of air. They also have studied the solid-phase

reactions in inert, reducing and oxidizing atmospheres. Trivalent cerium, in

the presence of SiO2 , appeared even in an oxidizing atmosphere at 1400°.

Ternary compounds (in particular, the conjectural LiCeSiO4 ) were not found.
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Besides S102 , CeO 2 and lithium silicates, there was only the disilicate of

trivalent serium Ce 2 Si 2O07V with a large crystallization field, in the crystal-

line phases. Liquation was discovered with increase in CeO 2 and SiO2 content.

BIBLIOGRAPHY

1. Bayer, G., J. Felsche, Hi. Hirsiger, Glastechn. Ber., 42, No. 8, 3,7, 196~9.

Y2~ 0 - Ce2 0 -_ Sio 2

Toropov and colleagues [2] have studied the partial system Y Si2 O 0

Ce Si 0 7 using the quenching method and solid-phase syntheses from high
2 fon (FgV 1) ~ad9sldsltos ae ntehg-eprtr

temperatures in an argon environment. Four regions of homogeneity were

and low-temperature modifications of Y 2 Si 2 O07 . solid solutions with the structure

of Ce Si2 Q0 and the 6solid solution with a structure characteristic of di-

orthosilicates of the rare earth elements of the first subgroup.

180 eA'S.m .M P ..W CeSzri.p .X

1700m, $20 0 8f

)~04M. syste Y2 S 2 O S, AV CeS fo
Toroov and colau s). fa
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Ito [31, uraer certain conditions (at increased temperatures), obtained

four modifications of Y2 Si 2 0 7 , with transformation temperatures of 1225,

O) 1445 and 15250, which may be connected with hysteresis and differing degrees

of purity of the materials used. Bondar' and colleagues [1] have studied the

luminescence properties of the solid solutions described above.

BIBLIOGRAPHY

1. Bondar', I.A., A.A. Kolpakova, L. Ya. Markovskiy, A.N. Sokolov,
N.A. Toropov, Izv. AN SSSR ser. fiz. 3, 6, 1969, p. 1057.

2. *roropov, N.A., I.F. Andreyev, A.N. Sokoiov, L.N. Sanzharevskaya,
Izv. AN SSSR, Neorg. mater., 6, 4, 1970, p. 427.

3. Ito, J., Amer. Mineralogist, 53, No. 11-12, 1940, 1968.

La 2 0 3 -- Ce 2 0 3 -- SiO2

Leonov [1, 2] has studied the partial profile La 2 Si2 O 7 -- Ce 2 Si 2 0 7 , in

which a continuous series of solid solutions is observed in a reducing atmos-

S* phere. In air, upon heating in the temperature range from 1000 to 13000,

solid solutions containing over 50 mole % Ce 2 Si2 O7 decompose: oxidation of

cerium and formation of CeO2 and SiO2 take place. However, at higher temp-

eratures, from 1400 to 15000, regeneration of these solid solutions takes place,

since cerium is reduced here to the trivalent state. By heating the initial

solid solutions (obtained under reducing conditions), coi:taining 75, 30 and 90

mole o Ce2Si207, up to a temperature cf about 13000 in .ir, 16, 25 and 58

mole % of the Ce 2 SiO7 , respectively, deco.-nposes. W;Trf a 50 mole % Ce 2 Si2 0?

content and less, the solid solution is stable in air at all temperature-s (up to

16000).
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Nd 2 0 3 -- Ce 2 0 3 -- SiO2

Leonov [1] has studied the partial profile Nd 2 Si2O 7 -- Ce 2 Si 2 0 7 . Under

a reducing atmosphere, a continuous series of solid solutions is observed and

the color of the samples changes from white (Ce 2 Si2 0 7 ) to light lilac (Nd 2 Si2 0).

In an atmosphere of air, these solid solutions are stable only in the hbgh temp-

erature region (above 1300-1400*). With a Ce 2 Si2 0 7 content of less than 25

mole %/6, the solid solution is stable at all temperatures (up to 16000).

In decomposition of the solid solutiors, oxidation of cerium and formation

of free CeO2 and SiO2 take place. The solid solution corresponding to the

composition Ce 0 7 5 Nd0 2 5 Si 2 0 7 undergoes the maximum decomposition at

1250-1300° (38 mole 0, Ce 2 Si 2 0 7 decomposes). 1I. the solid solution of equi-

molecular content, under the conditions spedified, 3% of the cerium diortho-

silicate overall decomposes.

BIBLIOGRAPHY

1. Leonov., A.I., Izv. AN SSSR, ser. khim., o 2, 1963, p. 2084.

CaO -- Nd 2 0 3 -- Sio 2

The system has not been studied. Toropov and Fedorov (1] have investi-
gated the binaiy profile Ca 2 SiO4 -- Nd 4 (SiO4 ) 3 , using the quenching method,

in the range from 16500 to the melting temperature (below 1650%, neodymium
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orthosilicate is unstable). A solid solution forms only on a base of Ca 2 SiO4 ,

and the diagram corresponds to a system of the simple eutectic type, with a

S1pF eutectic of the solid solutions and neodymium orthosilicate (Fif 1• 2). The

maximum concentration of the solid solution is 4U - 2.5 weight 16 Nd 4 SiO 4 )3 .

The eutectic corresponds to a composition of 55 weight %0 neodymium silicate.

The ternary compound CaNd 2 (SiO 4 ) 2 , indicated by Tromel [4], was not found by

the authors.

Toropov and Fedorov [2] have shown that three different phases are

found in the solid solution studied, corresponding to the 9, c' and ct Ca 2 SiO4 ,

according to their X-ray photos. With from 0 to 5 weight J'o Nd 4SiO4)3 content,

) the solid solution has the A Ca 2 SiO4 structure, at concentrations from 17 to

2 25 -.ýreight Jo neodymium orthosilicate, the structure corresponds to CC' Ca2 SiO4

and, in the range from 30 to 40 weight 76 Nd 4 (SiO4 )3 , the structure corresponds

to (V"a 2 SiO4 . A mixture of structures is found in some concentration sections.

The density and indices of refraction of the solid solutions also reflect their

strucjural changes. In t*- transition of the solid solution from tiie f Ca 2 SiO4

structure to the structure of the c' form, an increase in density and a sharp

decrease in biref'ringence are observed. The transformation of the a' solid

soh tion to the C( modification structure is accompanied by a decrease in noth

density and refraction.

Refraction, density, mclecular refraction and melting temperatures of

solid solutions of Nd 4 (SiO4 )3 in calcium orthosilicate are presented in the

Table.

Tunik [3] has shown that, in the partial Eyb .m CaSiO3 -- Nd 2 SiO5 , there

is a chemical compound with the apatite structure, having a certain region of
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Fig. 213. Phase diagram of partial

system CaSiO3 -- Nd 2 SiO 5 (from Tunik).

Key:

a. Apatite
b. Mole %
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INDICES OF REFRACTION, DENSITY, MOLECULAR
REFRACTION (R) AND MELTING TEMPERATURES

OF SOLID SOLUTIONS OF NEODYMIUM ORTHOSILICATE
IN CALCIUM SILICATE

E%

95 5 2100+50 3.29+G.0t t.734+0.002 1.720+0.002 20.,,3
90 t0 2070 3.31 1.736 1.722 2A.72
85 15 2050 3.36 1.7-3 0.726 20.52
80 20 2u00 3.48 1.1036 1.73t 19.9!
75 25 $960 3.5t t.736 1.730 19.6A
70 30 1920 3.56 1.73i 1.728 19.33
65 35 1870 3.55 1.731 1.727 19.26

060 40 018 3.70 1.736 1.73- M1 555 45 t1O00..

Key:

a. Composition, weight %
b. Melting temperature, °C
c. Density, g/cr'

uniformity: CaNd4 (SiO4 ) 3 0 (Fig. 213). The uniformity region extends from

50 to 78 mole % Nd 2 SiO5 . The index of refraction in this caxe cnanges from

Ne 1- . 851 and N:. 1. 861 to Ne - 1. 866 and No - 1. 885, The maximumn

meling temperature is located at a certain concentration distanue irom the

formula presented above, which is typical of oxyapa&te.
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3. Aiunik, T. A,, "'Study of phase equilibriumi in silicate systerns cointaining
oxides of neodymium &rd alkali earth elcments Ng, Ca, Sr, Ba1, " aTatho.-I s
abztraci, ca~n-idate' s disacirtatoio,, Lsn-ýngrad, 1970.

*4. Txome1, G., Verh. K. Wiliaelm Inst. Silikatfurachung.: :4 Beelin, 103, 1930.

SrOi -- Nd 0 3 - - Sio 2

Torc,?ov -nid Mar.- Chzhi-t~yun [1, 21 have studied two bifld'y profilers of

the system: Sr 2Si9 4 -- Nd4 %(SiO. ) 3 .9nd i'r 3 Si0 5 - - N%-x2 Sio5 .* The firat %vyaten-

wau studied by the quenching method i~ 1;,&e 1650-2 j00' trange, i. e., jg lahe

Nd(SO) stability region. A limi~ed region of Sr S0 4 -base eolid solutionrs

was found, with a limiting conccntr 'nof 20 weight %/ Nd 4 iSiO4 ) 3 . Tho

eutectic melted at 17500 and contaane ;51 weight Jo (24±. ý mnole 0/) N' (Si04 .O

The indices of refraction and density increased with increase in Nd4 SO)

content ini thz solid solution. At a concentsration of 15 weiglt %1 Nd4 (i 4 3

The solid Esolutionn described can be obtained as a result of solid-phase re-

actions, by means ef annealing the appropriate mixtures at 1400", with S-hour

exposure.

The parti~1 3ye tern Sr,.SiO5 - Nd S±05 has been studied only in tle

subsoliut. region (annealing at 14000, 5 hours). with Nd 2 Sio 5 ctoncerttrations

from. 0 to 50 weigbi 01. The maximu,-n cont',mt Of thL Sr SiQ -baae solid solutian

formed Is 10 weight Is Nd 2Sio 5*
T unik [3] has studied the partial 4)rapry systern SrSiO 3 -_ li M 2 S1 5  Here,

a compouaid wit'li the apattite structure (SrNd4 Zi04 13 0) has been found, havinr,

?i zons&dxal region af uniformity (Fig, 214Q. T.he anatite-E~ke phase extends

_rmav~psto cnarn 50 mnole %Nd~ 2i 5 (the remainder- is SrSiO 3)Ji
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Fig. 21!4. Phase diagram of partial system SrSiO3-

Nd 2SiO 5 (from Tunik).

Key:

a. Apatite

b. Mole To

to 78 mole 76 Nd 2SiO 5. The indices of refraction in this case change from

No-- 1. 854 and Ne -- 1. 844 to No = 1. 883 and Ne -- 1. 864. The maximum

melting temperature is located at a certain concentration distance from the

.formula presented above, whi-,h is typical of oxyapatite. The region of apatite

solid solutions is evident from Fig. 215.

-347

1*M"



pee

#dj;SiO,

AW4 (S4

p.o 2079

3.~~Fg 2u1ik ReAgi"tud of phase t equlibrai siluicaeoyses cnSonaig
oxde of 3 nedyiu and2 alkali earth elemnts(giCS a)ato'

p-- 3482.



r 77

La203 Sm203 ""-SiO 2

The system has been studied by Bondar' and colleagues [1, 2], for the

purpose of ascertaining the formation of solid solutions in the systems La2 0 3

2SiO2 -- Smi2 0 3 " 2SiO2 , 2La 2 0 3 3SiO2 -- 2Sm 2 0 3 3SiO2 and La2 0 3 . Si02 - -

Sm 2 0 3 SiO2 . Phase diagrams of the systems formed by lanthanum and

samarium silicates, characterized by the formatioi. of continuous solid solutions,

are presented in Figs 216 and 217. The appearance of solid solutions of the

2:3 series in Fig. 216 is connected with the fact that lanthanum and samarium

diorthosilicates melt, with decomposition into the orthosilicates (2Ln 2 03-

3SiO2 ) and liquid, and that an invariant line dividing the 2:3 and 1:2 crystal-

lization fields should exist on the polythermic profile.

xLNoc

0 30 '. C 80 100 t 23 43 o, 63
Strn2DO 2S 102 A " Lajo3 2SI03 etc, 6

Fig. 216. Phase diagram of Fig. 217. Phase diagram of partial

partial system Sm20 3 2SiO2 -- system Sm 2 0 3* SiO2 -- La 2 0 3 ' SiO2

La 2 0" 2SiO2 (from Bondarl and (from Bondarl and colleagues)

colleagues). Key:

Key- a. Weight J

a. Weight %
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Gd2 03 -- DY203 - SiO2

Bondar' and colleagues [1] have studied the phase diagram of three binary

profiles: Gd 2 03 2SiO2 -- DyO 3 " 2SiO 2 , 2C d2 0 3 3SiO2 -- 2Dy 2 3.3 3SiO 2 and

Gd203"* SiO2 -- Dy203"* SiO2.- The formation of continuous solid solutions is

characteristic of these three partial systems.

1500[

:010 Q P9 x lg00
ZW1 ee % 21Pyz0j3Si8

Fig. 218. Phuse diagram of par'tiai system

2Gd 2 03" 3SiO2 -- 2D•y2 0 3 3SiO2 (from Bondardr

and colUeagues).

Key;

a. Weight %5i
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A phase diagram of the pseudobinary system 2Gd2 0 30 3SiC2 -- 2DY2 0 3 "

3SiO2 is prt -ented in Fig. 218. The compounds 2Gd2 0 3 " 3SiO2 and 2DY2 0 3 "

S3O2 are stable .')ove 1630 and 16500, respectively, decomposing into a mix-

ture of orthosilicates (1A) and diorthosilicates (1:2) below these temperatures.

This is reflected in the diag,-m.

I !BL1OGRAPHY

1. Bondar', L.A., F. Ya. Galakh-;v, N. A. Toropov, Izv. AN SSSR, OKhN, 3,
1962, p. 377.

SY2 03 -- Er20 3 -- SiO2

Galakhov and colleagues [1] have plotted a phase diagram of the three

binary profiles: Y2 0 3 SiO2 -- Er 2 0 3 SiO2 , Y2 0 3 2SiO2 -- Er 2 0 3 2SiO2 ,

2Y2 Oa3SiO 2 -- 2Er2 03SiO. The formation of limited solid solutions is

characteristic of the Y 0 2SiO2 -- Er 0 2SiO2 and 2Y 0 3SiO2 -- 2Er 023' 2 3* 2 3* 2 3
3SiO2 systems (Figs. 219, 220), Continuous solid solutions form in the Y20

SiO2 -- Er 2 03 " SiO2 system (Fig. 221). The compound Y2 0 3 • 2SiO2 melts at

17750, with decomposition, forming 2Y 2 0 3 " 3SiO. and liquid, which is reflected

in the appearance of the 2Y 2 0 3 " 3SiO2 solid solution field (mixed with liquid) in

Fig. 219.

4.2

V p . , . L .

S; • Y203"23iO £ Geec. % PO.•~

. Fig. 219. Phase diagram of partial system
Y2 0 3 2SiO2 -- Er 2 03 " 2SiO2 (from Galakov

and colleagues).
Key: a. weight %
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Galalhov and cclleagues).

Key:

"a. Weight %

Fit'. 221. Phase diagram of partial system

Y2 0 3 " SiO -- Er 2Oo. Sio2 (from Galakhov

and colleagues).

Key:

a. Weight %J
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La2 3 - - Yb2 3 - - SiO2

Bondar' [1] has studied Vie system, for the purpose of ascertaining the

O formation of solid solutions in the systems: La2 0 3 " 2SiO2 -- Yb20 3 . 2SiO2 ,

2La 2 0 3 " 3SiO2 -- 2Yb2 0 3 . 3SiO2 , La 2 0 3 " SiO2 -- Yb 2 0 3 " SiO 2 . Phase diagrams

of the La 2 0 3 " 2SiO2 -- Yb20 3 . 2SiO2 and La2 0 3 . SiO 2 -- Yb 2 0 3 . SiO 2 systems

are presented in Figs. 222 and 223. Lanthanum and ytterbium are in different

subgroups, and they form solid solutions of limiteC concentrations. These

systems belong to the fifth type of solid solutions according to Roseboom.

La2 03 2SiO2 melts at 17500, with decomposition into 2La2 0 3 3SiO2 and liquid.

Ii

*6W ~ L #2O1 SW mp Z

I 1 I Yb02S0A

20 40 60 80 I00

Lo2 0323i02 L BCC. /.21

Fig. 222. Phase diagram of partial system
La 2 0 3 " 2SiO2 -- Yb 2 0 3 2SiO2 (from Bondar').

Key:

a. Weight Jo

Bondar' has examined the process of dispersion hardening, which takes

, place during decomposition of supersaturated solid solutions formed by

lanthanum and ytterbium silicates [2].
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Fig. 223. Phase diagram of partial system

La 2 0 3 " SiO2 -- Yb2 03" SiO2 (from Bondar').

Key:

a. Weight %

1. Bondar', I.A., Izv. AN SSSR. OKhN, 3, 1962, p. 383.

2. Bondar', I.A., Izv. AN USSR, ser. khim, 11, 1964, p. 2110.

) ~ ~~CoO -- Yb203 -SO

The system has been partially studied by Babayan [1, 2], limited to

determination of the phase ratios of the Co 2 SiO4 -- Yb (SiO4 )3 profile. The

complex appearance of the diagram presented in Fig. 224 is due to two reasons:

1. a restricted region of stability of ytterbium orthosilicate Yb4 (SiO4 )3 (above

16750); 2. occurrence of the reaction Co2 SiO4 - Yb4 (SiO4 )3  2CoO + 2Yb2 Si 2 0 7 .

Ternary compounds (of the garnet type, f -r example) have not been

found in the system. Ytterbium occurs in the subsolidus region only in the

form of Yb 2 Si20 7 (region with Co 2 SiO4 content over 20 weight %) or in the form

of a mixture of Yb2 Si2O 7 and Yb 4 (SiO4 )3 (with a Co2 SiC content less than 20

weight 5), The existence of Yb4 (SiO 4 ) 3 in this region apparently is connected
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Fig. 224. Phase diagram of partial system
"Co 2 SiO 4 -- Yb4 (SiO 4)3 (from Babayan).

i Key:

a. Weight %

with a stabilizing effect of Co 2 SiO4 , possibly forming a solid solution of low

concentration.

In the presence of cobalt silicate, the stability boundary of Yb4 (SiO4 )3

is shifted to a temperature of 16000 (for pure Yb4 (SiO4 ) 3 , this temperature

equals 16750). Some Co2 SiO4 -bqse solid solution region is formed, with a con-

centration of Yb 4 (SiO4.) 3 of somewhat over 6 weight %.

Cobalt orthosilicate forms dark violet crystals, in the rhombic crystal

system, with a melting temperature of 1400 ± 200 and density of 4. 7 g/cm3 [2).
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NiO -- Yb 2 0 3 - - SiO 2

Babayan i, 2] has studied the phase ratios of the Ni 2 SiO4 -- Yb4 (SiO4 ) 3

) orthosilicate protile. Because of dissociation of Ni 2 SiO4 at 15500 (even before

melting) and the limited stability of Yb4 (SiO4 )3 from 16750 to the melting point

1920, in addiion to the initial orthosilicates, NiO and Yb2 Si 2 0 7 figure in the

diagram presented (Fig. 225). The latter substance is formed by the reaction

Yb4(SiO4)3 + Ni 2 SiO4 = 2NiO + 2Yb2 Si 2 O7 .

" 54019200o
1000 A¶0

1700 -----*L 170•0 ±tO [0°\ ~

Ni iO Ni.SiG2. X'g/

0100 " s 5 , N iS i ,S 4 O, .V64 [s /4i 1

0 ¶ 0 , 1;80 80 f00
A'13,04 OL Sec. 6 50

Fig. 225. Phase diagram of partial system

Ni 2 SiO4 -- Yb 4 (SiO 4 ) 3 (from Babayan).

Key: a. Weight j
Depending on the Ni 2 SiO4 content, either only Yb 2 Si2O 7 (with greater

than 20 weight % Ni 2 SiO4 content) or Yb2 Si 2 0, together with Yb4 (SiO 4 ) 3

(with a content of less than 20 weight % Ni 2 SiO 4 ) is present in the subsolidus

region. The existence of Yb4 (SiO 4 ) 3 in this temperature region probably is

connected with a stabilizing effect of Ni 2 SiO4 , forming a solid solution with
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Yb 4 (SiO 4 ) 3 at low concentration. The thermal decomposition temperature of

ytterbium orthesilicate decreases to 16000 in thi presence of Ni 2 SiO4 . A
I--I small region of Ni 2 SiO 4 -base solid solutions forms (somewhat over 6 weight% J

Yb 4 (SiO4 ) 3).

Nickel orthosilicate, obtained by sintering at 14000, forms light green

crystals in the rhombic crystal system, w.h indices of refraction Ng =1. 99

and Np =-1.94, unit cell parameters a = 4.724, b = 10. 105 and c = 5.928 A

and lensity 4. 72 g/cm3. At a temperature somewhat exceeding 1500%, nickel

silicate in tht solid state dissociates into NiO and SiO 2 .
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GERMANIUM SILICATE SYSTEMS

Li2 0 -- GeO2  Si0 2

Lazarev and Tenisheva [11 have shown that there is contiauous series of

solid solutions in the Li 2 SiO3 -- Li 2 GeO 3 partiai profile. Synthesis of uniform

solid solutions was carried out at 1250-1350°. The indices of refraction of the

solid solutions change linearly with composition.
÷I

VSllenkle and colleagues [2] have studied the Li 2 Si 2 0 5 -- Si2 Ge2 0 5

partial profile, demonstrating the presence of a continuous series of solid

solutions. The unit cell parameters change from a = 5.81, b = 14.66 and

c = 4.79 A (for Li2 Si 2 0 5 ) to a - 5.97, b = 15.30 and c = 4.95 A (for

Li 2 Ge 2O5 ).

At temperatures above the region of existence of continuous solid solutions,

the compound Li 2 (Si 0 . 2 5 Ge0.75)205 was obtained, with a broad region of

homogeneity and unit cell parameters, differing f-'om the corresponding values

for the jolid solution of the same composition.
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MgO -- o--

- i Dachille and Roy [1] have studied the partial system Mg 2 GeO -- Mg2 SiO4

~.Jat various pressures up to 580, 000 psi.

Magnesium orthogermanate exists in the form of spinel and olivine

modifications, with the inversion temperature at atmospheric pressure of

8100. With increase in pressure, the inversion temperature increases recti-

linearly. Olivine and spinel solid solutions form in the Mg 2 GeO 4 -- Mg 2 SiO4

syste. Abve te inersi nteperature, MgGeO4 forms a continuous

series of olivine sclid solutions. The limiting silicate content in the spinel

solid solution, amounting to 10 mole To overall at 5420 and a pressure of 700

bars, increases to 50 mole 7o at a pressure of 60, 000 bar. The phase equili-

brium in the system at 5420 is presented in Fig. 226. A diagram characterizing

the system in three-dimensional coordinates "pressure-temperature-composi-

"tion (X, " is presented in Fig. 227. It was found by extrapolation that the

olivine-spinel conversion takes place at a pressure of IOC ± 15 kbar for pure

4 Mg2 SiO4 , in which the unit cell parameter of the spinel phase of Iv9 2 SiO4 is
•iii i8.22 A.

Sarver and Hummel (2] have accomplished a more compl'ete study of the

MgO -- GeO2 -- SiO2 system. it is evident from Fig. 228 that, at normal

pressure, besideR forsterite (olivine) solid solutitrs, enstatite solid solutions•

exist. A phase diagram of the section acýaL ent to MgSiO 3 in the subsolidus

region is presented in Fig. 229. ,in accordance with the polymorphism of

MgSlO 3 , thien types of solid solutions are formed: enstatite, clinoenstatite

and protocab*atite.
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Ringwood and colleagues [3,41 have studied the transformations of the

MgSiO3 -- MgGeO 3 series of solid solutions under high pressure conditions.

Fusions rich in MgGeO3 undergo the following transformation at pressures of

about 50 kbar: 2Mg(GeSi)O 3 -4 Mg 2 (GeSi)O4 (spinel) J- (GeSi)O2 (rutile). At a

pressure of 180 kbar, fusions from 0.75 MgGeO 3 0. 25MgSiO3 to 0. 2MgGeO3 "

0. 8MgSiO3 , taken in the form of glass, change into the ilmenite modification.

BIBLIOGRAPHY

1. Dachille, F., R. Roy, Amer. J. Sci., 258 No. 4, 225, 1960.

2. Sarver, J.F., F.A. Hummel, J. Electrochem. Soc., 110 No. 7, 726,
1963.

3. Ringwood, A. E., A. Major, Earth a. Planetary Sci. Lett., 1, No. 5,
351, 1966.

4. Ringwood, A.E., M. Seabrook, J. Geophys. Res., 68, 4601, 1963.

CaO -- GeO 2 -- SiO2

The system has not been completely studied. Grebenshchikov and

Toropov and colleagues [2, 3] have studied the Ca 2 SiO4 -- Ca 2 GeO 4 profile,

in which a continuous series of solid solutions, complicated by the polymorphism

of both compounds, exists. The phase composition was determined by means

of microscopicX-ray and differential thermal analyses. The results of the

study are presented in Fig. 230. In the low-temperature region, solid solutions

form between y Ca 2 SiO4 and the olivine variety of Ca 2 GeO4 . The existe ice

of two types of solid solutions has been established here: 1. based on YCa2 SiO4 ,

containing from 0 to 52. 5 mole % Ca 2 GeO4 ; 2. based on Ca 2 GeO4 , containing

from 0 to 46. 25 mole % Ca 2 SiO4 . The indices of refraction of the solid solutions

L izhcrease monotonically from Ng = 1. 652 and Np 1. 644 to Ng = 1. 680 and
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Np = 1. 676, then, after a sharp increase in birefringence (at somewhat over

40 mole % Ca 2 GeO 4 content), a uniform increase of Ng and Np is observed,

from the values 1. 692 and 1. 674 to 1. 734 and 1. 700, respectively. The authors

could not precisely determine the boundary of the two-phase region and, by

drawing them with dashed lines, note that this region exists in a very narrow

concentration range. In the high-temperature region, two types of solid

solutions were found: limited solid solutions based on a(' Ca 2 SiO4 and a con-

tinuous series cf solid solutions between cT Ca 2 SiO4 and (Z Ca 2 GeO 4 (Ca -SS in

Fig. 230). The maximum solubility of Ca 2 GeO 4 in ct' Ca 2 SiO4 is approximately

37 mole %. The positions of the lower boundary curves are drawn conjecturally

(dashed lines). The possibility of the formation of a metastable solid solution
based on f Ca 2 SiO4 , with up to 15 mole % Ca 2 GeO4 content, is noted.
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Fig. 231. Phase diagram pT jartial 3ystenx.
CaSiO3 -- CaGeO3 (f.rom Toropov and Kliz-vin.,tKaya).

Key:

a. Mole ,j

Shirvinskaya and colleagues [4] have studied the pseudobinary system

CaSiO 3 -- CaGeO3 . The nature of the solid solutions formed here is deter-

mined by the polymorphism of the extreme members. Calcium metasilicate

exists below 11600 in the form of the wollastonite modification, with a chain

structure and a triclinic unit cell. A transition to the pseudowollastonite

modification, the principal structural reason for which is the three-member

ring (Si 3 0 9 ) 6, takes place at 11600. Only the wollastonite structure is charac-

teristic of calcium metagermanate. Two types of solid solutions are found in

the system, in accordance with the modifications enumerated: continuous; with

a wollastonite structure ( SS) and Uimited, with a pseudcwollastonite structure

-(QSS), based on calcium metasilicate (Fig. 231). The peritectic melting of

the solid solution indicated in the diagram takez place at 1480°. The limiting
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pseudowollastonite solid solution contains approximately 30 mole % CaGeO3 .

As we see, the polymorphic transformation temperat'-re of CaSiO3 increases

'. sbarply with increase ia GeO2 content in the solid solution. The authors note

the possibility of obtaining (by means of quenching) metastable pseudowollastonite

solid solutions with a high GeO2 content.

The solid 4olutions in the Ca 2 GeO4 -- Ca 2 SiO4 system have been studied

by Eysel and Hahn [5]. In the low-temperature region, the authors found only

one type of solid solution, based on 'Y Ca 2 GeO4 , with an approximate maximum

concentration of 40 mole % Ca 2 SiO.. The (Ca 2 SiO4 -base solid solution was

not found. Solubility of Ca 2 GeO4 in WC' Ca 2 SiO4 is 25 mole %. Besides,

metastable fCa2 SiO4 -base solid solutions were found, with a content of up

to 10 mole % of the germanate component.

Boykova and colleagues [1] have studied the partial system 3CaO. SiO2 --

3CaO. GeO 2 in the subsolidus region, by the differential thermal analysis

method. 3CaO. SiO2 and3CaO. GeO 2 have similar polymorphism, taking place

according to the following schemes: 3CaO" SiO2 -- triclinic I 62-0° triclinic II

9201, IT _ 970!00 10500-0 triclinic I. a monoclinic 9- rhombic !-- hexagonal; 3CaO GeO2 --

"triclinic I triclinic II triclinic II - monoclinic. There actually

are four types of solid solutions on the phase diagram (Fig. 232): triclinic I,

triclinic U, triclinic LU and monoclinic. The region of higher temperatures

and the liquidus curve were not investigated by the authors.

Ringwood and Major [6] have shown that a homogeneous sample correspond-

ing to the composition Ca(Ge0 5 Si0 5)03, obtained by annealing a mixtare of

oxides at 1400*, when subjected to a pressure of 170 kbar (900%), changes into

a mixture of two phas-s, one of which (primary) has a slightly deformed
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Key:
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perovskite structure, with a pseudocubic lattice (parameter 3.969 A). The

authors conclude from this that the CaSiO 3 included in the solid solution should

exist in the perovskite structure.

Calcium metacarbonate changes completely into the perovskite modifica-

3tion, with a density of 5.17 g/cm , at a pressure of 120 kbar and 9000. Even

at 250 kbar, CaSiO 3 (in the form of glass) did not succeed in changing into

the perovskite structure, but the perovskite solid solution obtained indicates

the possibility of existence of CaSiO3 in the form of a perovskite modification

J at higher pressures.
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SrO -- GeO2 -- SiO2

The system has been partially studied by Grebenshchikov and colleagues

[1, 2], limited to plotting a phase diagram of the partial systems Sr 2 SiO 4 --

Sr 2 GeO4 and SrSiO3 -- SrGeO3 .

Continuous solid solutions of the structural type 0 K2 SO 4 have been found

in the partial system Sr 2SiO4 -- Sr 2GeO4 , which is characteristic of both

extreme members. The linear change in index of refraction and monotonic

change in interplane distances on the X-ray photos also confirm complete

miscibility.

The liquidus curve decreases uniformly from the melting temperature

of Sr 2 SiO4 (21600) to the melting temperature of 'r 2 GeO 4 (18800). Thus, the

solid solution corresponding to the composition Sr 2 Si 0 . 4 Ge0. 604 has a liquidus

temperature of 20300.

The formation of solid solutions also has been found in the partial system

SrSiO3 -- SrGeO3 . complicated by the existence of two polymorphic forms of

SrGeO3 , a pseudowollastonite ring form, thermodynamically stable abcve 9900,

and a pyroxenoid chain form, below 9900. In conformance with this, two types
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of solid solutions are observed in the system: a continuous pseudowollastonite

(c( SS) and a limited SrGeO 3 -base pyroxenoid chain form (Fig. 233). The maxi-

mum solubility of SrSiO3 in strontium metagermanate is approximately 15 mole %

(at 5000).
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BaO -- GeO2 -- SiO2

" Grebenshchikov and colleagues [1-3] have studied the partial systems

Ba 2 SiO 4 -- Ba2 GeO4 and BaSiO3 -- BaGeO 3 . Solid solutions were obtained
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here by sintering mixtures of the previously synthesized ortho and meta com-

pounds. A Galakhov microfurnace was used for determination of the milting

temperatures.
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Fig. 234. Phase diagram of partial system

2BaO. SiO2 -- 2BaCr-GeO2 (from Grebenshchikov

and colleagues).

Key:
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"ji) Fig. 235. Phase diagram of partial system

BaSiO3 -- BaGeO 3 (from Grebenshchikov

and colleagues).
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A phase diagram of the partial system Ba 2 SiO4 -- Ba 2 GeO 4 is presented

)> in Fig. 234; the maximum on the liqidus curve, with a temperature of 2210%,

corresponds to a composition of 95 mole % Ba 2 SiO4 . The existence of two

solid solutions has been established: based on Ba 2 SiO4 (cr SS) and based on

Ba 2 GeO4 (0 SS). The clz racteristic bend in the liquidus curve in the region

of 50-60 mole % Ba 2 GeO 4 is connected by the authors with a discontinuity in

miscibility of the solid solutions and their peritectic decomposition, taking

place at 19700. The existence of a region of immiscibility is confirmed by the

concentration dependence of refraction and density. A discontinuity in the

curves occurs in the region of 50-60 mile % Ba 2 GeO4 . The phase diagram of

the partial system BaSiO3 -- BaGeO3 is characterized by a continuous series

of solid solutions (Fig, 235). In conformance with the polymorphism of '3,,iO 3

and BaGeO3, according to subsequent refined data, the subsolidus section

consists of three regions: a low-temperature region of pseudowollastonite

- solid solutions and two regions with solid solutions of pyroxenoid structure.

The polymorphic transition of pure BaSiO3 takes place at temperatures of

1040 and 13000 and, of pure BaGeO 3 , at 12250.

The authors have found new solid solutions based on BaSi2O 5 and

BaGe4 0 9 , with the hypothetical compounds "BaGe 2 0 5 " and "BaSi 4 0 9 ."
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ZnO - - GeC 2 -- Sio 2

Investigation of the system has been limited to study of the Zn2 SiO4 --

SZn 2GeO4 profile. Ingersrn and colleagues [3], carrying out annealing at

12000, obtained a continuous series of solid solutions, the index of rcfraction

of which changed lincarly with composition. B,'own and Hummel [2], aninealing

appropriate mixtures cf oxides at 10000, did not obtain solid solutions, and

observed only the format±on of pure zinc silicate and germanate. Several

signs of formatic-t of solid solutions were found in mixtures subjected to ?Io-

longed (1 month) soaking at 1C000 , in the presence of a minra?.izer. Mean-

u --'e, if a solid solution is obtained at 1200° (48 hours) and it is held for a

long time at 10CO0 .. no decomposition whatever takes place. For an explanation

of the facts observed, further investigation of the subsolidus processes in the

Zn2 SiO4 - Zn2 GeO4 system is necessary.

Merkulov and Khristoforov [1] obtained a continuous series of solid

solutions of Zn 2 SiO4 -- Zn 2 GeO4 , as they think, at 1000, precipitating coagels

from the corresponding solutions containing ZnCl2 , Na 2 SiO3 ane Na 2 GeO3 .
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Al 2 03 -- GeO2 -- SiO2

Toropov and colleagues [1] have studied the partial "munlite" profile

3A12 0 3 " 2SiO2 -- 3.A1 2 0 3 -2GeO 2 , by annealing appropriate mixtures of oxides

at up to 15000, as well as by determining the mclting temperatures in a vacuurxi

microfurnace. A continuous series of solid solutions has been established.

The melting temperature (liquidus line) decreases smoothly from 1900° (for

3AM 0 *2SiO ) to 17850 (for 3AI 0 * 2GeO2).
2 3 2 2 3 2

A practically linear nature of change in the indices of refraction has been

established, from Ng -- 1- . 654 and Np = 1. 642 for 3A12 0 3 . 2SiO2 to Ng 1 1. 758

and Np 1 1. 712 for 3AI 2 0 3 . 2GeO 2 . The density changes regularly from 3. 160

for 3A12 0 3 2SiO2 to 3. 662 for 3A12 0 3 ' 2GeO 2 . The solid solution studied may

be referred to as ideal.
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Sc 2 0 3 -- GeO 2 -- SiO 2

Lazarev and colleagues [1] have studied the partial profile Sc 2 Si2 0 7 - -

Sc 2 Ge 2 0 7 by the quenching method. A continzous series cf solid solutions was

found, with a nminimrum melting temperature (a, 50 mole % Sc 2 Ge 2 0 7 ) of 17660.

Scandium diorthogernanate melts at 1850°% and it has unit cell parameters

a =6.47 ± 0.02, b =--8.47 t 0.03, c = 4. 90 ± 0.02 A, ý = 1030301, Z - 2.

The indices of refraction of the solid soiutioiis change regularly from

Ng = 1.804 and Np 1.754 for So 2 Si 2 0 7 to Ng = 1.847 and 1. 7C7 for

3
Sc 2 Ge20 7 . The density changes correspondingly from 3. 39 to 4.46 g/cm
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I~I
I For solid solutions of this seriee, discrete radicals of three types are noted

i simultaneously; (Si20 )6- (Ge00 )6- and (SiGeO7)6-
2 7 2O7  7
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Y2 03 - GeO2 - - SiO2

Toropov and colleagues [1, 21, using the quenching method and solid-

phase synthesis, have studied two partial profiles of the system: Y2 SiO5 --

Y2 GeO 5 and Y2 Si 2 0 7 -- Y2 Ge 2 0 7 , for which continuous series of solid solutions

with a melting temperature minimum is characteristic.
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1•! !. -- -, #

0 0 40 60 50 /go
Y•,' a ,lin 7 Y-Ce:2

Fig. 236. Phase diagram of partial system

Y2 Si 2 0 7 -- Y2 Ge 2 0 7 (from Toropov anl

colleagues).

Key:

a. Mole %
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For the partial system Y2 SiO 5 -- Y2 GeO 5 , the minimum melting tempera-

ture is 19100 (with approximately a 50 mole % Y2 GeO 5 content). The melting

temperature of Y2 GeO5 , according to new determinations, is 19500 (Y 2 SiO5 --

1980°). Crystals of the solid solution belong to the monoclinic crystal system,

with indices of refraction changing smoothly from Ng = 1. 848 and Np = 1. 832

for Y2 GeO 5 to Ng = 1. 825 and Np = 1.81.6 for Y2 SiO5 . The density changes

from 4.83 (Y2 GeO5 ) to 4.45 g/cm3 (Y 2 SiO 5). The following values of the unit

cell parameters were obtained for Y2 GeO5 : a = 10.42 ± 0.02, b = 6. 77 ± 0. 015,

12.820 -± 0.03 A, • =102050', Z = 8 [3].

A phase diagram of the partial system Y2 Si 2 0 7 -- Y2 Ge 2 0 7 is presented

in Fig. 236. In connection with the existence of several polymorphic modifications

Sof Y2 Si 2 0 7 , three types of solid solutions based on this compound are observed:

Sý andy.
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Nd 2 0 3 -- GeO2 -- SiO2

Toropov and Kougiya [1] have studied the partial profile Nd 2 SiO5 --

Nd 2 GeO5 , in which a continuous series of solid solutions is formed. Uniform

samples were obtained by multiple, multistage annealing (1000, 1200, 15000°,

with intermediate pulverization. The authors present a fusibility curve, in the

form of a straight line between the melting temperatures of Nd 2 SiO5 (19800)
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and Nd 2 GeO5 (19000), noting that they did not succeed in defining the solidus

curve, as a consequence of the high crystallization rate of the germanates.

The rectilinear relationship d = 5.93 t 0.053 K, where K is the volumetric

fraction of Nd 2 GeO 5, was obtained for the densities of the solid solutions,

with the composition ex-pressed in volumetric fractions. The indices of re-

fraction change linearly from Ng = 1. 948 anm Np = 1. 939 for Nd 2 GeO5 to

Ng = 1. 888 and Np = 1.871 for Nd 2 SiO5 . The crystals are biaxial and optical-

ly positive.
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PbO -- GeO 2 -- SiO2

The system has not Ieen studied. Mydlar and colleagues [2j have snown

that the germanium in the germanate can be replaced by silicon, but silicon

is not replaced by germanium in the silicates. Replacement by silicon in

germanium-rich germanates (for example, PbO" 2GeO 2 ), does not take place.

The authors 2btained uniform solid solutions, proceeding from 3PbO"

GeO2 (this compound, discovered by Gooju and colleagues [1], was corfirmed

by Mydlar and colleagues), 3PbO- 2GeO2 and PbO. GeO2* The corresponding

mixtures of oxides were initially annealed at about 10000, and then for a long

time (up to 50 hours) at 6000. The following uniform phases were obtained:

3PbO.xGeO2 ' (1-x)SiO2 (x = 0.0, 0.33, 0.5, 0.67), 3PbO" 2xGeO 2(1-x)SiO2

(x = 0.0, 0.17, 0.25, 0.33, 0.5, 0.66, 0.83), PbO'xGeO2 "(1-x)SiO2 (x = 0.0,

0.25, 0.5, 0.75),
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NiO -- GeO 2 -- SiO2

Ringwood [1-3] has studied the partial system Ni 2 GeO4 -- Ni 2 SiO4 . The

subsolidus phase equilibria in this system at atmospheric pressure, according

to [3], are presented in Fig. 237. Conducting tests under a pressure of 30 kbar

at 6500 for a period of three hours (initial mixture Ni(OH) 2, SiO2 and the

hydrated form of germanium dioxide), Ringwood obtained a complete series

of homogeneous spinel solid solutions between Ni 2 GeO 4 and Ni2SiO4. The unit

cell parameters of these solid solutions are subject to the rule of Begard.

CL 3
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Fig. 237. Subsolidus phase equilibria in

Ni 2 GeO4 -- Ni 2 SiO 4 system (from Ringwood).
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TITANOSILICATE SYSTEMS

Li2 0 -- TiO2 - SiO

The system has been investigated by Kim and Hummel [2], by means of

study of reactions in the solid state and by the qenching method. The region

studied was limited to compositions of not over 50 mole % Li 2 0. The phase

relationships in the system are presented in Fig. 238. One ternary compound

Li2 0. TiO2 . SiO2 has been found, which melts at 1207 ± 30, with formation of

two immiscible liquids. The immiscible liquid region is vcry widespread in

the system, from 0 to 20 weight % Li 2 0. Galakhov and Konovalova [1] showed

that, in fact, the equilibrium immiscibility of the liquids is limited to a content

of only one-two weight ,% Li2 0, and that the extensive immiscibility indicated

by Kim and Hummel is a metastable, noncquilibrium microliquation.

The compound Li20- TiO" SiO 2 forms crystals in the tetragonal crystal

system, which are uniaxial, negative and with indikes of refraction Ne 1. 81-

1.82 and No 1.83-1.84.
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system (from Kim and Hummel).

Key:

a. Tridymite
b. Two liquids
c. Weight %

BIBLIOGRAPHY

1. Galakhov, F. Ya., S.F. Konovalova, Izv. AN SSSR. Neorg. mater, 1,
8, 1965, p. 1399.

2. Kim, K.H., F.A. Hummel, J. Amer. Ceram. Soc., 4.2, No. 6, 286, 1959.

-379-

-4



Na 2 0 -- TiO2 -- SiO2

-_ Hsmilton and Cleek [1], in connection with study of glasses, indicate a

field of initially separating crystals on the triple diagram (Fig. 239). Beside

the ternary compound Na 2 0 .TiO2 SiO2 (phase E), three fields of ternary corn-

pounds of unknown composition are introduced: D, F 1 and F 2 . The boundary

separating fields FI and F 2 have not been established. Phase E is represented

by rod-shaped crystals, with low birefringence, negative elongation and Ng -

1. 77, Np - 1. 73. Phase D forms crystals with high birefringence: Ng -" 1. 70

and Np - 1. 60. Phase F 1 forms needle-snaped crystals with moderate bi-

refringence, positive elongation and Ng "- 2.00, Np < 2.00.

20 5 0O
St1

si0o
#VT,-25i0

2 B
440 to

h~a D0*Si0

F 2 39 .6 S ch m a i d agr of ph se re ation
80 7~ ~?T0 20

Na420-i.TiNazoI-.2TL0,./j

0 27 17 60 go0 1170

Fig. 239. Schematic diagr.- of phase relation-
ships of Na 2 O -- TiO2 -- Siu, system (from

Hamilton and Cleek).

Key:

a. Mole %
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MgO -- TiO2 -- SiO2

The first investigation of the system was made by Berezhnoy [1]. He

heated mixtures of previously synthesized binary compounds at a temperature

of 1400-15000. Magnesium titanosilicates were not found. They are unknown

in nature. Forsterite (2MgO' SiO2) does not react with MgO. 2TiO2 or 2MgO.

TiO2 , right up to melting, but solution of the latter in forsterite is possible.

In triple mixtures of MgO + TiO2 +t SiO2 the initial product of solid-phase

reactions is MgO. TiO2 , thenforster',e forms and, only after this, magnesium

orthotitanate. Berezhnoy has plotted an approximate fusibility diagram of the

system and coexisting phase triangles (Fig. 240), which does not differ from

those presented by Sarver and Hummel [1I].

Mg 7

Fig. 240. Coexisting phase triangles of

MgO -- TiO2 -- SiO2 system (from

Berezhnoy).

4 Key:

a. Mole 0
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The reaction relationships in mixtures of 2MgO. SiO2 4- 2MgO- TiO2

has been studied by Ramakrishna [10], according to whom, magnesium ortho-

titanate has a melting temperature of 1770 + 75°. Forsterite and magnesium

orthotitanate do not form a simple binary system, but are a part of the MgO --

TiO2 -_ SiO2 triple system.

Berezhnoy and Gu2'ko [2] found that Mg 2 Ti0 4 forms a solid solution

in forsterite, with up to 4 weight % Mg 2 TiO4 content, and a pseudobinary

eutectic in the Mg 2 SiO 4 -- Mg 2 TiO4 section melts at 16370. Orthosilicate

solutions are common in the magnesium metasilicate region, but their bound-

aries still h, ve not been established precisely. The lowest melting eutectic

in the system, with a melting temperature of 14150, occurs at the intersection

of the MgSiO 3 , TiO2 and SiO 2 fields, and not of MgSiO3 , MgTi 2 0 5 and TiO2 ,

as Massazza and Sirchia think [9].

T1o2

178U-

1690 80
1600.,

17*0- * .

gqqo T' 2 - tI P

60 " 40

"A \ 20
MgO 17G

M•O 20 ;8•°W , /113"*f$9 0 S5"$0z
2MqOSiO, M1903iO2  1713•"I0,9(r JD57"

Fig. 241. Phase diagram of MgO -- TiO2 -- SiO2

system (from Massazza and Sirchia).

Key:

a. Two liquids
b. Weight % /

-382-



A phase diagram of the triple system, according to Massazza and

Sirchia [9], is presented in Fig. 241. The liquid phase separation region is

very extensive. Upon cooling the liquid richer in silica, glass forms, and a

liquid richer in TiO2 , depending on composition, forms glass + cristobalite,

glass + cristobalite + rutile or glass + rutile. The results of the investigations

4+ 41-
indicated the absence of the substitution Si + Ti

MacGregor [7] ascertained the phase ratios in the system under high

pressure conditions. He stadied the binary profiles MgSiO3 -- TiO2 , Mg 2 SiO4 -

TiO2 and MgSiO3 -- MgTi 2 0 5 . The MgSiO3 -- TiO2 profile is a simple eutectic

over the entire range of pressures investigated, from I to 40 kbar. The eutectic

temperature at 1 atm turned out to be somewhat lower (by approximately 100)

than Massazza end Sirchia indicate. The TiO2 content in the eutectic increases

with increase in pressure: by 10 weight % TiO2 in the transition from . atm

to 10 kbar. The author proposes the possibility of solution of TiO2 in enstatite.

A small TiO2 content (less than 1 weight %) has been found in natural enstatites.

The binary profiles Mg 2 SiO4 -- TiO2 and MgSiO3 -- MgTi2 0 5 are presented

in Figs. 242 and 243, for a pressure of 10 kbar.

18700

1500 qj~MS

M0 40 60 80 WO
M'ý7S( 4  Tt~c 0 il 2

Fig. 242. Fusibility diagram of partial system Mg 2 SiO4 --

TiO2 for pressure of 10 kbar (from MacGregor).

Key: a. Weight %
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Fig. 243. Fusibility diagram of partial system

S_) MgSiO3 -- MgTi 2 0 5 for pressure of 10 kbar

(from MacGregor).

Key:

a. Weight %

K )""

4gI05  60

G0 14;5 40

80 - - 6 ,0

MSO g0 Mg2 ý MgS'• . 03  80 D
M,8ee %

I Fig. 244. Diagram indicating position of triple

eutectics in MgO -- TiOz -- Si0)2 system for

pressure of 10 kbar (from MacGregor).

Key:

a. Weight %
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A small section of the system is presented in Fig. 244, the region in

I which triple eutectics occur. In place of two triple eutectics at 1 atm, only i

one triple eutectic is observed at 10 and 20 kbar, witn the respective composi-

tions: 26.0 MgO, 42.0 TiO2 and 32.0 weight % SiO2 and 25.2 MgO, 50.0 TiO2

and 24.8 weight % SiO2 .

INVARIANT POINTS OF MgO -- TiO2 -- SiO 2 SYSTEM

(from Massazza and Sirchia)

b A- '- lire. %__
Tos&iaau I. Iaya(91 CgO I TIO: BIOs ,0- .--

At MgO+N-2MgO.TiO•+2M1-O .SiO2+;;I--'A- 43.8 43.6 12.6 15O0

N 2MUgO.TiO-+MgO-Ti0-+2MgO-SiO:+ 35.8 51.6 12.6 i0i _+2tllilll:Oc~b t.

0 Mgo.'rio,+MgO.2TiO 2±-M6O.SiO•+ 34.4 52.6 13.0 152:)
-t-1,nImocm'i t.

P MgO.2TiO0+2MgO.SiOs +XImKocf m 33.4 51.6 15.0 1510
Q MgO -2TiO•+MgO .SiOSMgO' SiOj+ 32.2 31.6 33.2 1t'40

Q +;I~nrlU~mtb CII
R M9O.2riO+.---MgOSiO2+)HI-l-ACrCT'l6 31.8 34.0 3M.2 1125
S MrO -TiO,-1-TiO2÷MgO'S;O2-t-n;(- e 31.4 33.4 35.2 1390

T TiO,+,-MgO-.SgOi -so2 +b cte- 28.0 30.0 42.0 1420
U TiO,+MgO. 02+Tlnltnn,•njtvOCT=e 27.4 29.2 43.4 1400
V.I TiO 3+Tp• -1Apncro6a:rln+n1oUl- e 20.6 43.4 36 0 1 '70

W Ti0-+xpncac nT+;fi;%olcyb A +-p- 16.8 47.4 35.8 1530
xOcmb B V

* MgO .SiO2 ±TPn~qWzXnCT+KflT% maf+ 29.0 20.0 51.0 14"10* Ti02+xpnU"o6T+-aijmh~m A +gt•- 1.8 1 j.8 83..4 tI'•t
KlOMr B "" •

Key: i
a. Points (Fig. 241) e. Liquid
b. Phases f. Tridymite
c. Composition, weight % g. Cristobalite 1
d. Temperature, 0C
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In the concentration region studied (pressure up to 20 kbar), only one

subsolidus reaction takes place: MgSiO 3 + MgTiO 5 t= Mg 2 SiO 4  - 2TiO2 .

MacGregor [81 subsequently showed that the following invariant reactions

take place in the range from I atm to 40 kbar: En + M = Fo +- 2R (1),

Fo+ En-f-M L2 (2), M-- En = Fo -L 3 (3), M-+ En -- R =L 4 (4),

Fo+ R-= M +L 5 (5), Fo + En + R---L 6 (6) andM-t Fo+ R = L 7 (7).

Here, En = MgSiO 3 , M = MgTi105 , Fo = Mg 2 SiO 4 and HR = TIOC2 .

The composition of the liquids is enriched in titanium dioxide and depleted

of magnesium oxide and silica with increase in pressure. Presenting the

equilibrium positions of the reactions enumerated above on a graph in "tempera-

tur.-pressure' t coordinates, MacGregor showed that the corresponding curves

for reactions (1), (3)-(6) intersect at a single point, at a temperature of 14890

and a pressure of 15.2 kbar. The line dividing the MgSiO 3 + MgTi 2 0 5 and

Mg 2 SiO4 + TiO 2 fields on the graph in "temperature-pressure" coordinates

is expressed by the equation t = 32.46 P -r 996 (t is in *C and P in kidobars).

The crystalline phases of the system have the following stractural para-

meters: 1. 2MgO. TiO2 (magnesium orthotitanate), cubic crystal system,

a = 8.44 A [61; 2. MgO' TiO2 (geikielite), rhombohedral cryetal system,

a = 5. 54 A, a = 540391 [41; MgO. 2TiO9 (magnesium dititanate), rhombic

crystal system, a = 3. 7, b = 9. 8, c = 10.0 A [3]; indices of refraction [5]:

Nav = 1. 959 for 2MgO. TiO 2 , Na 1.95-2.28 for MgO- TiO2 and Nay 2.11-

2.23 for MgO. 2 TiO2 .
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CaO -- TiO2 -- SiO 2

Berezhnoy [11, in connection with study of the MgO -- CaO -- TiO2 --

S 1Si02 system, determined the fusibility (by fusing of cones) of the CaO --

TiO2 -- SiO2 system. Some information can be found in the extensive works

of Agamavi and White [8], who studied the CaO -- A12 0 3 -- TiO2 - SiO2

system. The ternary compound CaTiSiO5 , sphene, was found in the system

long ago. Ginzberg and Nikogopyan [4] have described the ternary compound

CaO" 2TiO2 " 2Si0 2 , called calc-L,., ramsayite.

In 1911, Smolensky [61, studying the CaSiO3 -- CaTiO3 profile, discovered

solid solutions. Feodot'yev [7] showed that there is a simple eutectic here,

containing 20 weight % CaTiO3 and 80 weight % CaSiOy3 Iwase and Fukushima

[101 have studied the two partial profiles CaO. TiO2 -- SiO2 and CaO. SiO2 --

TiO2 , where the compound CaO" SiO2. TiO2 is formed.
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Fig. 245. Phase diagram of partial system

CaO. SiO2 -- CaO. TiO2 (from DeVries and
colleagues).

Key:

a. Weight %

) tc
ui0&, .S- a

1600-e
Kpucmo~o~um ÷ •L.
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Fig. 246. Phase diagram of partial system

CaTiSiO5 -- SiO2 (from DeVries and colleagues).

Key:

a. Two liquids d. Tridymite
b. One liquid e. Sphene
c. Cristobalite f. Weight %
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A detailed study of the system was carried out by DeVries and colleagues

[9]. They studied the partial binary systems CaSiO3 -- CaTiO3 (Fig, 245) and

CaTiSiO5 -- SiO2 (Fig. 24e), and they plotted a complete triple diagram (Fig.

247). A considerable region of two immiscible liquids is located at the apex

of the triangle adjacent to SiO2 . Phase separation is characteristic of both

binary systems: CaO -- SiO2 and TiO2 -- SiO2 .

168- R

sf0,

Ca 7O,6 40 69

.11

N60 "A 13180

Ca2SA

() 16 k

teo 20 7e~ris an coa7 /60 0 faguese:

1970'e ar

Fig. 247. Phase diagram of CaO -- TiO2  Sio 2

system (from DeVries and colleagues).

Key:

a. Two liquids d. Perovskite i
b. Rutile e. Weight %
c. Sphene
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Yeremin and colleagues [51, carrying out annealing at 1400%, showed

that 0. 75% TiO2 dissolves in f 2 CaO" SiO2 and that titanium dioxide is practically

insoluble in the y modification of dicalcium silicate. Thus, TiO2 facilitates

the process of transition of * 2CaO" SiO2 into y 2CaO" SiO2 .

Berezhnoy and colleagues [3], on the basis of the thermodynamic properties

of CaTiSiO5 . allowing for the partial density of oxygen irn it, came to the con-

clusion that this compound should be stable at very high pressures. Berezhnoy

[2] made a triangulation system, showing that sphene coexists with CaSiO3 ,

CaTiO3 , SiC2 and TiO2 . J
SCLTABLE 1

CRYSTALLINE PHASES OF CaO - TiO2 - Si0 2 SYSTEM

b0. curu .1Ion I r(cM
coexuvicawo Hpucmaa- ratI auic Cnalilnocm Ng Np W V 0 aToc. OpSICIITa-

_____MOB_ - ...L...... postut
CaO - Tb, - 01 b ono- %ajm , ,, "n2.00 M +2 3.,-3.56 MOKOCI•h

(C.Sn)S KVs"nIAR U0 (110) VIVtrt-

Cao TiO, (aic- Lj yo- I1(J ,., " ,,a aVsGan - +90 4.0
poimnaH) I),an (7) OtAPjth 110 (100)

Naup.

Key:

a. Compound i. Monoclinic
b. Crystal system j. Cubic
c. Appearance k. Plates
d. Cleaw age 1. Cubes, octahedra and others
e. Density, g/cm m. Distinct along (110)
f. Optical orientation n. Weak along (100)
g. Sphene o. Plane of optical axis (010)
h. Perovskite

-390-



TA1BLE 2. INVARIANT POINTS OF CaO -- TiO - - 2 SYSTEM
2 SO

A- ~~~~ Cocms. occ. %1 .

* 4'.3U UO T1O

CaO+Caso,O+Ca,Ti,O,+;,:Iuuitocrb ld 62.0 k2.0 1G. (U) f 70(?)-)casio,+caji; 0+Qk,±04-,UmUwCmSb 61.0 21.5 17.5 1 5

CaRiO 4+ýaXO,+CaiO 7+),mVXOCT4 65.5 5.0 26.5 1)
ca 0' M" 0+2;a~03Wl~Z0T4 51.5 9.3 .39.2 1398

Cai~~ 40+nj9(s)jjto~ 36.8 26.2 37.0 1318
cg-CaSiO3+CaTiSiOa,+SiO 3(TpivuijTH-a.SmAt 33.1 17.5 19.11 13t8

s . O(pttir+TiO.+,wIuncoci'x4 22.2 118.8 29.0 136.1
Si T 1lt T)+Si02%(I~pitcT 'z-wr)+Ti02+ 10.0 50.7 ,3u.3 1.4Th

SiOa(m 0~6aaw)+TiO,+,)tmmoch 4 { 155 53.0 31.5 13

15 10.5 88.01) 1535
Ti02-CaTiSi0&.aTjO,+MujuocWM C 24.5 57.5 18.0 131;5

AKey: a. Phases d. Liquid
b. Composition, weight Jo e. Tridymite
C. Temperature, OC f. Cristobalite
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SrO -- Ti --

The system has not been studied. Robbins [1 observed crystallization

of the partial profile SrTiO3 -- SiO2 (between 1:1 and 1:9), by means of a high-

temperature microscope. The liquidus temperature is over 14500 for the 1:1

mixture. The formation of only large (up to 2.5 mm long) crystals of SrTiO3

was observed. Solid solutions were not found.
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k) -TiO -i
Study of the system initially was limited to investigation of the BaTiO3

SiO2 profile, carried out by Rase and Roy [3], who used the quenching method

(Fig. 248). Three barium titanosilicates were found in the system: BaTiSiO5 ,

BaTiSi2 0 7 and BaTiSi 3 0 9 . The irst two compounds melt without decomposition,( )
- - at 1400 and 12500, respectively. The compound BaTiSi 0 9 , synthetic bentorite,

was synthesized hydrothermally. It is stable under hydrothermal conditions

up to only 965* and, under "dry" conditions, it dissociates into BaTiSi2 C 7 and
.22

SiO2 at 10500. The three eutectics have the respertive compositions and melt-

ing temperatures: SiO2 arad BaTiSi2 OT0 70 mole % SiO 2 , 12450; BaTiSi2O 7 and

BaTiSiO5 , 63 mole % SiOC2 , 12460; BaTi0iO5 and BaTiO 3, 29 moltJ % SiOC2 ,

12600. Barium titanate forms a solid solution with silica, with a small limiting

concentration of the latter. The transition temperature of the cubic form of

barium titanate to the hexagonal increases sharply, as a result of incorporation

of SiO2 into the BaTiO3 lattice. Thus, while the temperature of this transition
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for pure BaTiO3 is 1460% with a low SiO 2 content, the transition temperature

(1) is 15750. The maximum concentration of silica in the cubic form is 8 mole %O-

and, in the hexagonal, 4 mole %.

"06sta reftc.5,,Tt03mD•.,MI-

5ariSi0o'W 7

%, ,a~ .,O 065
TI Aral

tl00 r=•5 1•isi TU uJVI..71

800 .• ' UAU'o

(')0 2 40" 60ý 50 100
IarivD3  S164

Fig. 248. Phase diagram of partial system
BaTiO -- Si 2 (from Rase and Roy--.

3, 2

Key:

a. Hexagonal
b. Cristobalite
c. Cubic
d. Tridymite
e. Mole %

Berberova and colleagues [1] studied some sections of the system, using

thrv noncrucible melting method. Solid solutions were not found in the partial

system BaTiO3 -- BaSiO3 or BaTiO3 -- SiO2 .

The BaTiO3 -- BaTiSiO5 section is a simple eutectic. The BaTiO3 --

BaSiO3 partial profile is distinguished by great complexity: the BaTiO3 and

BaSiO3 fields do not coexist, and t.._y are separated by fields of crystallization

of barium orthotitanate, barium orthosilicate and bentonite.
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K~ppen and Dietzel [2] describe three barium titanosilicates: 2BaO- TiO2 *

25102 BaO* Ti02 * 25i0 and a third compound, with the formula not precisely

established, approximately BaO- Ti02 * 3Si02  The compound BaO- TiO ' 2Si0 2

melts congruently at approximately 14500, and it does not discl.ose polymorphism.

The elongated prismatic crystals are in the tetragonal crystal system. BaO"

TiO2 - 2SiO2 melts incongruently at 1245% with formation of 2BaO. TiO2 . 2SiO2

and a melt, it exists in two forms, high-temper ature tetragonal and low-tempera-

ture monoclinic or triclinic, 'with indices of refraction Ng = 1. 800 and Np - 1. 742.

The third compound has indices of refraction Ng = 1. 693 and Np = 1. 676, which

indicates a higher SiOc2 content than in BaO. TiO2 " 2SiO 2 . The compound with

the conjectural formula BaO. TiO2 . 3SiO2 occurs in the SiO2 field in the phase
0.2

diagram, and it melts incongruently in the 1240-1250° range. The authors

express the hypothesis that the new titarmsilicate is a high-temperature

modification of the mineral bentonite, having the formula BaO" TiOc2 3SiOc2 .
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A12 3 -- TiO2 -- SiO2

The system has been studied by Agamawi and White [2], Galakhov [1],

Murthy and Hummel [4] and others. A phase diagram for the high-silica part

of the system, plotted by Agamawi and White, is presented in Fig. 249. Point
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•" •:I

E is a triple eutectic, in which cristobalite, TiO2 " A12 G3 , rutile and liquid are
weight 3/oA 13. 5 TiO and 79.0

in equilibrium; the composition is 7.5 weight * 2' Al 2
mSiO2; temperature 14700. The composition of point R is 8.2 weight 10 A12 0 3 ,

12.4 TiO2 and 79.4 SiO2 ; temnerature 14a00. The partial system A120 3 ' TiO2 -

SiO is presented in Fig. 250.

JAIi0XSUID

20m 40 60• Ti

Agaaw an ht)

•~a Comrun.duo

-= -'-" ----- -

_.-• _i +si~o 1•io±,o" 20 4o 50 TrO

I II II"Fig. 249. Diagram of phase rvlationships of a A12 03 - -

] II elTiO 2 - - SiQ2 system in the region rich in silica (from

i ii iEAgamawi and White).

b. Mumlite
c. Cristobalite
d. Rutile
e. Weight T
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Fig. 250. Phase diagram o; partial system

SiO2 -- Al 2 0 3 " TiO2 (from Agamawi and WhIe).

Key:

a. Cristobalite
b. Mullite
c. Weight %J

Galakhov [1] introduced a correction to the diagram of the system in the

alumina region of it. He has refined thie positi.on of several boundary lines.

A complete phase diagram of the A120 3 -- TiO2 -- SiO2 system, according to

the data of Agamawi and White, with additions by Galakhov, is given in Fig. 251.

An invariant point having the composition 32 weight % TiO2 , 52 A12 0 3 and 16

Sic 2 , and a melting temperature of 1710%, which is common to the corundum,

mullite and aluminum titanate (TiO2 " A12 0 3) fields, is of a reaction nature,

since it lies outside the fields of the phase triangle of the three compounds

named.
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and White, with additions by Galakhov).

Key:

a. Weight 76

Murthy and Hummel [4] have studied the solid solutions of titanium dioxide

in mullite (3AM2 0 3 - 2SiO2 ). It was shown that, at 1000 and 12000, no significant

changes in the parametcrs were observed and, consequently, Ti4 ÷ -is not

included in the niul]Lte structure at these temperatures. With incorporation of

Ti4 ÷ into ti'e mullite structure (14000 and higher), not only an enlargement of

the unit cell, but distortion of it, takes place. Based on petrographic data, it

can b .ý considered that ihe solubility of TiO2 in mullite at the temperatures

studied is between 2 and 4%, which is in agreement with the data of Agrell and

Smith [3], on the presence of TiO2 in natural mullites. The authors noted a

; discrepency between the petrographic and X-ray data.
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T203 -- TiO2 -- SiO2

A possible phase diagram for the Ti2 0 3 -- TIO2 -- SiO2 system is intro-

duced in Fig. 252, from the data of Roy and colleag:es [11. Ternary compour-Is

9 are absent. Among the binary compounds, Ti2 0 3 " TiO2 ( Ti3 0 5 , anosovite)

and the sesquisilicate of trivalent titanium (3Ti 2 0 3 ' 2SiO2) have been distinguished,

as well as in extensive region of immiscibility of two liquid phases in the TiO2 --

SiO2 system boundary, extending within the ternary system to approximately a

10% Ti2 0 3 content.

""I2

'I

20 50
3.o O'!' ' 6

g goizOyi T 4 &0I

o 2O3  / rn

-A r, rATI,O riot

Fig. 252. Hypothetical phase diagram of Ti203 -TiO2

SiO2 system (from Roy and colleagues).

Key: a. Two Liqui(.s b. Mole %
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ZrO2 -_ T'0 -_ Si0 2

The initial rough study of the system was carried out by Sowman and

Andrews [4]. Ternary compounds were not found; a triple eutectic with a melt-

ing temperature of 1500* has the composition 2 weight 0/ Zr 2 10TO and I

88 S102 (Fig. 253). McTaggart and Andrews [3] have distinguished the presence

of immiscibility of the liquid phasies, and they h~ave shown a ZrTiO4 field and

k,_ excludad a ZrSiO 4 field in the hypothetical diagram (Fig. 254). Some information

on the system was introduced in the work of Cocco and Schromek [2).

Tic,

2/48

60% 40

840 (xyk 
m. 

6 0
C1' Zr lo q z

zrO* 25 Z'5i0, 50 N Sig,

Fig. 253. Approximate phase diagram

of ZrO2 - - TiO2 - - SiO2 system (from

Sowman and Andrews).

Key:
a. Rutile
b. Tetragonal
c. Cubic
d. Weight %
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Fig. 254. Approximate phase diagram of •
Zr02 -- TiO2 -- SiO2 system (from •

McTaggart and Andrews).

Key: :a. Rutie !

b. Two liquids
c. Tetragonal

d. Weight 76

,riO &?4

Berezhnoy [1] has shown that ZrTiO4 reacts with silica up to a temperature

of 1500* and, therefore, the primary crystallization field of ZrTiO4 in t.he work

of McTaggart and Andre.s was marked incorrectly. He also has shown that

zircon and autile coexist below the dissociation temperature of ZrSiO at any

pressure. In accordance with the triangulation canried out, ZrSiO4 coexists wo

4

with ZrTiO4 .
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MnO -- TiO2 -- SIO 2

Smolensky [15 has stucied the partial system MnO. SiO2 -- MnO" TiO2

(Fig. 255). Limiting solid solutions are formed with a content of from 0 to 61.7

mole % MnO. SiO2 . Rhodonite MnO- SiO., melts at 1218%, his a triclinic crystal

system (Fedorov group P,), and it beloags to the pyroxenoids, with five-fold

(O) repetition in location of the silicon-oxygen tetrahedra [41. Liebau [3] distin-

guishes low and high-temperature forms of rhodonite; the iatter is isostructural

with bustamite or pseudowollaetonite.

At i

'333

0 20 w) 60 8 IX
Ma7GTip:

Fig. 255. Approximate phaseý diagram of

partial system MnO SiO2 -- MnO TiO2

(from Smolensky).

Key:

a. Mole %
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Pyrophanite MnO" TiO2 , according to Smolensky, has a nonstoichiometric

composition: 45.2 mole % SiO2 and 54.8 mole Jo MnO; its melting temperature

is 1404, density is 4.53 g/cm3 , it is isostructural with ilmenite FeTiO3 and

geikielite. MgTiO3 1 trigonal crystal system, RI'. According to r ortnov [2],

for the natural mineral, Ne = 2.07, No - 2.46, No-Ne 0. 39.
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zIRcoNosILCATE. SYSTEMS

Li 20 -- zro2 -- S02

Schwarz and Haacke [4] have studied the fusibility diagram of the Li4SiO4 -

ZrSiO4 profile (Fig. 256). The maximum found on the fusibility curve at 60

mole % ZrSiO4 is connected with the hypothesis of the existence of a zircono-

silicate of the composition 2Li4SiO4. 3ZrSiO4.

Fig. 256. F-usibil.ity diagram of Li 4SiO4 -

ZrSiO4 system (from Schwarz and Haacke).
KKey:

a. Mole %
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Polezhayev and Chukhlantsev [1] have studied the structure of the aub-

solidus region of the system. They have studied the solid phase reactions be-

tween the following compounds: 1. ZrSiO4 -- Li 2 ZrO3 , 2. ZrSiO4 -- Li 2 CO3 ,
3. ZrSiO4 -- Li4 SiO4 , 4. ZrO2 -- Li2 SiO3 , 5. Li2 ZrO3 -- Li2 Si2 0 5 0

6. Li2 ZrO3 -- SiO2 , 7. ZrSiO4 -- Li2 SiO3 , 8. ZrO2 -- Li2 Si2 5 , 9. ZrO2 --

Li 4 SiO4 , 10. Li 2ZrO3 -- Li2 SiO3 , 11. Li 2 ZrO3 -- Li4 SiO4 , 12. ZrSiO4 --

Li2 Si2 0 5 . Annealing of the corresponding mixtures was conducted at 30-50°

below their melting temperatures (in the 900-1200° range), for periods of 100-

140 hours.

20/ 60

LSiZO 40# 60 75-0,

of LiL2 0 -- ZrO2 -- SiO2 system (from

Polezhayev and Chukhlantsev).

Key:

a. Weight %

Coexisting phase triangles are presented in Fig. 257, showing that, of

the twelve binary profiles listed above, only profiles 4, 8, 10, 11 and 12 are

true binary systems.
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Polezhayev and Chukh~antisev did not find ternary compounds. Yet,

1% Schenck indicates the compound Li ZrSiO 5 [31, and Fenton and Hyppert, the
comoun 2i 20,ZrO2 ' SiC 2 [21, the existence of which is denied by Polezhayev

and Chukhlantsev.
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Na2 O0 -- ZrO 2 -- Si0 2

The system has been partially studied by D'Ans and L~ffler [6], in the

region adjacent to the Na2 O0 -- SiO2 side (Fig. 258). Three ternary cumpounds

have been found: Na 0, ZrO * SiC)2 . melting with decomposition at 14730;
2 2

2Na O* 2ZrO2 * 3SiO2 , melting without decomposition at 15400; and Na2O ZrO2 *

2SiO2 . In the binary system NaO - - ZrO2 the compound NaO ZrO melts

with decomposition at 18001. A phase diagram of the partial Na SiO3 -- ZO

is introduced in Fig. 259. Polezhayev and Chukhlantsev [41 have investigated

the subsolidus portion of the system by X-ray phase and chemical phase analysis,

and they obtained the same three ternary compounds. They plotted coexisting

I)phase triangles (Fig. 260) which differ from those introduced by D'Ans and

Laffler. Polezhayev and Chukhlantsev confirmed the existence of sodium

pyroslicate Na 6 Si 2 0 7V obtained by annealing Na 2 ZrO 3 or ZrSiO4 with soda or

-405-



sodium silicate. According to Zintl and Leverkus [81, sodium pyrosilicate

is stable at temperatures above 4020 and dissociates upon cooling according

to the scheme Na 6 Si 2 0 7 = Na 2 SiO 3 + Na 4 SiO4 . In connection with this, the

diagram in Fig. 260 holds true in the subsolidus region for temperatures

over 402%.

175-

10500 
NvZ i i

S11000 I i I

:• ~Fig. 258. Phase diagram of partial system •.
Na20-S02 -2Na20. SiO2 -ZrO2 (from

D'Ans and L. fler).

Key: ÷

S~a. Mole 0316

The sequence of formation of sodium zirconosilicates, upon sintering

a mixture of 2ZrSiO4 + Na CO3 in the 900-1100* range, has been studied by

Chukhlantsev and colleagues [51. Na 2 ZrSiO5 forms first, together with other
2 5

binary compounds. In proportion to further (in t;mne) sintering:. Na 4 Zr 2 Si3 0 1 2

forms initially and, finally, Na 2 ZrSi2 0 70 which is t.he final product of the re-

action, together with monoclinic ZrO2 .
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Fig. 259. Phase diagram of partial

system Na20 SiO2 -- ZrO2 (from

D'Ans and L~ffler).

Key:

a. Mole %

;~ I Si!.?

NaZrs,,07

A'44 51i04 1

Fig. 260. Coexisting phase

triangles of Na 20 -- ZrO2 --

SiO2 system (from Polezhayev
and Chukhlantsev).

•) Key:

a. Mole %

- 407

•oi i
\, ~ -



Polezhayev and colleagues [3] have studied the decomposition of the

zirconosflicate Na2 ZrSiO 5 . upon heating over 1100% showing tha~t, in this case,

''Na 4 Zr2 Si3Q 1 2 , Na 2 ZrSi2O 7 and, finally, a melt form in sequence. The auto-

catalytic nature of formation of the two latter zirconosilicates was demonstrated.

CRYSTALLINE PHASES OF Na 2O - - ZrO2 - - SiO2 SYSTEM

a 6 CltcTr~la 1No

2Nft.,O 2ZrO, - 3810, recKarLlalhj~- PoUGoornu 1.715 1.632 () 2A15

Na,0 - ZrO3 - Slo, itmu';~~st ',ricen, Ctorrimno. .790 1 .741 Mlanurl 3.C's

W) N0. - Z0. . 2St0, 10pm, 11rar 1.719 I.GW -

Key:

a. Compound g. Probably monoclinic
b. Crystal system h. Rhombohedra

kJc. Appearance i. Pseudohexagonal twins, prisms
d. Density, g/cm j. Needles
e. Hexagonal k. Small
f. Rhombic

Fukui and Ogawa [71, studying the effect of the vapors of salts (Na 2 CO3 .

Na SO , NaCl) on zircon refractories, observed formation of the same three

zirconosilicates: Na Zrl~iO5 Na Z rSi2 O0 and Na4 Z 2 i0.

Vargin and Heifetz [2] and Botvinkin and Demichev [1] have studied

glasses in the NaO 0- ZrO2 -- i0 system.
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Rb 2 0 -- ZrO2 -- SiO2

Chukhlantse,. and Alyamovskaya [1] have shown that a ternary compound,

rubidium zirconosilicate Rb 2 ZrSi2O 7 exists in the system; it was obtained by

means of prolonged sintering (75-100 hours) of zircon with rubidium carbonate

or silicate, at 870-950*. Rb 2 ZrSi2 0 7 melts abnve 1350%, its density is 3. 84

0.03 g/cm3 , it is easily broken down by diluting with solutions of strong acids,

and it is completely soluble upon heating in hydrochloric acid (1:1). An equi-

molecular mixture of the resulting compound with silica begins to melt at -A

1000-1100°, with formation of a glass-like product.

Subsequently, Chukhlantsev and Alyamovskaya (21 showed that there is

a more silica-rich zieconosilicate Rb 2 ZrSi4 O 1  obtained by annealing appropriate

mixtures of ZrSiO4 , ZrO2 , SiO2 and rubidium carbonate, initially at 8600 (10

"hours), then at 1050° (150 hours). Rb 2 ZrSi4O1 1 is more stable thermnally than

Rb 2 ZrSi2 0?, and it is produced from the latter at a temperature of 950°.
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MgO -- ZrO2 -- SiO2

Foster [3] and Berezhnoy and Karyakin [21 have triangulated the system

and plotted coexisting phase triangles (Fig. 261). These authors have not con-

firmed the existence of the ternary compounds MgO. ZrO2 " SiO2 and 4MgO.

ZrO2 " SiO2 , which was indicaced by Roussin and Chesters [5]. Berezhnoy and

Karyakin have studied the fusibility diagram of the system. The most easily

melted triple eutectic has the approximate composition 60 weight % SiO2 * 15

weight %e ZrO2 and 25 weight % MgO, and a melting temperature of about 15000.

Solid solutions in the system being considered are limited only to a field adjacent

to ZrO2 . The latter does not form solid solutions with magnesium silicates.

A limiting composition is introduced tcr the binary solid solution of MgO in
ZrO), corresponding to the formula Mg 2Zr 3 0 8 - 4(Zr 0 7 5 Mg0 .5)2. In the

partial section ZrO2 -- Mg 2 SiO4 , a eutectic containing 15 weight % ZrO2 melts

at 16770, and, in the section ZrSiO4 -- Mg 2 SiO4 , at 15770 (30 weight % ZrSiO4 ).

As a result of a thermodynamic analysis and study of the kinetics of the reaction

3ZrSiO4 t- 8MgO - 3Mg2SiO4 t 4(Zr0.75M90.5)02, Bere.hnoy [1] came to the

conclusion that the reaction takes place only in the direction indicated, in the

temperature range from 600 to 15000 and at pressures between 1 atm and 120

kbar.
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Zro2 5103

MgO g•qc% ZrO2

Fig. 261. Coexisiing phase

triangles of MgO -- ZrO2 --

SiO2 system (from Berezhnoy).

Key:

a. Weight %T

Hossain and Brett [4] have studied the system by the quenching method,

in the region adjacent to the MgO -- SiO2 side; the ZrO2 content reached only

__) 25 weight %. Some partial sections, laid out parallel to the MgO -- SiO2 side

are introduced in Fig. 262. The liquidus curves in the triple system are shown

in Fig. 263. The zircon field is defined by the invariant points introduced in

the table.
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Fig. 262. Phase diagrams of various sections of MgO -

ZrO -- SO 2 system (from Hossain and Brett):
Sections: a. (95SiQ2 1-5ZrO2 ) - - (95MgO + 5ZrO2 );-
b. (9OSiO2 j- 1OZrO2 ) -- (9OMgO + lOZrO 2 );

j -c. (85SiO2 +1- 5ZrO2 ) -- (85MgO +* 15ZrO2 );

J C. Cristobalite
' Key:

e. Weight%
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Fig. 263. Fusibility diagram of MgO -0

ZrO2 -- SiO2 system (from Hossain and

Brett).

Key:

- .a. Two liquids b. Weight %

INVARIANT POINTS OF PARTIAL TERNARY SYSTEM
Mg 2 SiO4 -- ZrSiO4 -- SiO2 (from Hossain and Brett)

c L e coma.,N•..% I ,
To%"a b ealllY•

(Nwc. 2G3 rlponecc -e - rT xCS O Cp. ..

P1  Hlepm'oana e. 27 1,. 59 1675
E, Srmaort + 35.5 10.5 54 15 3

I, 38 It 5t 1525
P, U"M !Ipmmm- 39 17 44 15S5

-S -

Key: a. Points (Fig. 263) d. Temperature, °C VS
b. Process e. Peritectic
c. Composition, weight % f. Eutectic .4
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CaO -- ZrO2 -- Si0 2

The first investigation of the system was done by Matsu-moto and colleagues

[8], who, determining the composition of cast refractory blocks, plotted an

approximate fusibility diagram (Fig. 264). The authors did not find a single

ternary compound.

5102
1113"

ladexd MW . V675 *

80. HO

dTpuja~uMm - -Ar-tz4

- 3CaOZ~iO2 60

CeO 60 60 Z•60' W / Z240 Zro,

Fig. 264. Approximate fusibility diagram of CaO --

ZrO2 -- SiO2 system (from Matsumoto and Sawamoto).

Key:

a. Two liquids d. Tridymite
b. Zircon e. Wollastonite
c. Cristobalite f. Weight %
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Berezhnoy and Kordyuk [2] have studied the fusibility of the system,

and they have found two ternary compounds: 3CaO- ZrO2 2SiO2 (1), melting

incongruently at around 1600, with formation of 2CaO" SiO4 and ZrO., and

the compound 2CaO" ZrO4 " 4SiO2 (I), melting incongruently with formation of

ZrSiO4 . On the basis of optical studies, it is noted that ZrO2 does not form

solid solutions with Ca 2 SiO4 . The most easily melted eutectic, melting at

around 1400, is located close to the eutectic CaSiO3 -- SiO2 , and it contains

about 3-5 weight % ZrO2 . Crystals of 3CaO. ZrO2 - 2SiO2 belong conjecturally

to the rhombic crystal system, with indices of refraction Ng 1 1. 758,

Nm = 1.737 and Np = 1. 735, density is 3.46 g/cm3 ; crystals of 2CaO" ZrO2 *

k(9 4SiO2 belong to the rhombic crystal system, with indices of refraction Ng =

1. 658 aiid Np - 1. 653, density 3.06 g/cm3

TABLE 1
CHARACTERISTICS OF TERNARY COMPOUNDS IN

CaO -- ZrO2 -- SiO2 SYSTEM

H.aajsiene, OC . . . . 16000, c paxiomeaveM 14300, c pai.imo :uem:iu

b + r l- ZrS+O4 -I- jaaci-naaa
MMOT.u. ....... 3 Pou6ca (?) PGwuecman (?)

Ng ........... 1.758 1.658
Np 1.......... .. 735 1.653
N --Np ....... 0.023 0.005
2VO . . . .. . . . . . . . . .  2N92'
lz..MOTm,, r/cs d. . . 3.46 3.00

- . . ., 5.9

4 Key: a. Melting temperature, *C
b. Symmetry 3
d. Density, g/cm
e. With decomposition into Ca.SiO4 + ZrO2 +- meltf. With decompositio, into Zr~iO4 i- melt

g. Rhombic (?)
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Kordyuk and Gul'ko [41, studying the subsolidus region of the partial

system CaSiO3 -- ZrO2 , did not confirm the presence of the ,ernary compound

S sCaZrSiOo which Estrada [7] mentioned. These authors found'that ternary

compoand (1) does not react with ZrO2 or calcium silicates, and that there is

no reaction between (]I) and ZrO2 , ZrSiO4 , SiO2 or CaSiO3 . T1e characteristics

of the ternary compounds are presented in Table 1.

1700 - %

Z 'ta'ta
Zr2  L a 1

Fig. 265. Schematic diagram of phase

relationships of CaO -- ZrO2 -S- 2

) ;system in region rich in ZrO2 , with

4% SiO 2 content (from Cocco and

Barbariol).

Key:

a. Tetragonal
b. Cubic
c. Weight %

The effect of small additions of SiO2 (4%) to the CaO -- ZrO2 system

has been studied by Cocco and Barbariol [6]. The diagram is presented in

Fig. 265.
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Quereshi and Brett [9, 101, using the quenching method, with phase

identification in a reflecting microscope and by the X-ray method, gave a more

complete characterization of the phast relationships in the system. The authors

confirmed the existence of the ternary compound Ca3ZrSi209(3CaO. ZrO22SO)
3 2Z9O 2 * 2SiO2 )

which melts incongruently at 1635". The compobition of the compound was

determined by means of electron microprobe analysis. Crystals of Ca 3 ZrSi2 09

have low symmetry. Quereshi and Brett considered separately the data on

three partial systems: 1. SiO2 -- CaO. SiO2 -- ZrO2 , 2. CaO. SiO2 --

2CaO- SiO2 -.. ZrO2 , 3. CaO -- 2CaOQ SiO2 -- ZrO2 .

In the partial system SiO 2 -- CaO. SiO2 -- ZrO2 , six double profiles

•_J have been studied, beginning with ZrO2 and proceeding to the CaO -- SiO 2

side, to points corresponding to 15, 30, 35, 47, 60 and 90 weight % SiO 2

content. Two profiles are introduced in Figs. 266a and b. A fusibility diagram

of this triple partial system is given in Fig. 267. Attention is drawn here to

the presence of a small field of zircon ZrSiO4 and a region of immiscibility of

- the liquids. The compounds of 2CaO. ZrO2 * 4SiO2 , to which Berezhnoy and

Kordyuk referred, were not found by the authors and, using X-ray microprobe

analysis, they determined that pare zircon is separated out as the initial phase

in the region being considered and that the lowest temperature of coexistence of

the two liquids is 1662 t 50

in study of the partial system CaO" SiO 2 -- 2CaO SiO2 -- Z-O 2 , the

authors studied twelve binary profiles, each of whicn proceeds from ZrO2 .

Four of the most typical phase diagrams are presented in Fig. 268. The partial

Ssystem CaO" SiO2 -- ZrO2 (Fig. 268a) has one eutectic (16 weight % ZrO2 ),

melting at 14600. The fusibility diagram (the liquidus surface) of the system

CaO. SiO2 -o 2CaO. SiO2 -- ZrO2 is represented in Fig. 269.
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V ito 20 30 40 50 6w
I63C#Su),.355iO2) C see4 Zr/i2

Fig. 266. Phase diagram of some sections of partial

triple system ZrO2 - - CaO' SiO 2 - - Sio 2 (from

Quereshi and Brett): a. section (B5CaSiO +t 15SiO2 )-32
I ~~ZrO ; b. section (65CaSiO + 35SO)- ZrO2

Key:

c. Weight To
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-t ZrSi

402 r0qJSiq: 4oZo/
zo C 20

5z 2o 4o 60 5o cauo•ia
£t Bec.%

Fig. 267. Fusibility diagram of partial

Si ) triple system CaO. SiO2 - - ZrO2 --

SiO2 (from Quereshi and Brett).

Key:

a. Weight %

TABLE 2
INVARIANT POINTS OF CaO -- ZrO2 -- SiO2 SYSTEM

(from Quereshi and Brett)

T aC (cmaut WoC. e% T.... .. .. ie-i

-70) Ca() S10, ZrO.

C lk, pormirmna ' 28.1 53.9 18.0 14501
G O mwm'a f 27.b 58.2 4. 1425 i
L ropwrnuya e 15.4 64.0 20.0 16tri
P a 2.0 193.0 5.01 1667
q 48.t :15.9 15.5 1635 .-
a 41.1 43.4 15.5 14600 i,5
t qii, a 53.5 44.0 2.5 1455 . 5
00 OleTlIK$ 53.0 44.5 2.5 14i'"
2 Uvnrewmma e. 66.2 24.8 9.0 1050 i'25
5 Umismmaf 65. 25.0 10.0 11)25 +-25
5 52.3 24.0 24.0 W10 L25

I Key: a. Points (Figs. 267, 269, 270) d. Temperature, °C
b. Process e. Peritectic
c. Composition, weight % f. Eutectic
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_1ý445±5 4- - - - -
CS+CiZS:,,*5.

'CS#C 35M.1400 3 CSJS2.J ZrD M.A#CS.C 3ZS:
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Fig. 268. Phase diagrams of some sections of partial
triple system CaO- SiO - 2Ca- SiC)2 -- ZrO2

(from Quereshi and Brett): Sections: a. CaO-

Sio) - - ZrO2 ; b. (8OCa~i 3 4 20Ca 2 i)--

ZrO2 .
Key:

e. Weight Jo
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Fig. 269. Fusibility diagram of partial triple
system CaO* SiO2 -- 2CaOG SiO2  -ZrO2

(from Quereshi and Brett).

ZrO~m

S2CaO"~C4? SiO2 -- CaO -- a ZrO2 fo ee~ rt)

Key:

a. Weight %

Wr2

CZ NO43 - c

40 4 0

2 JCOa0Sioz

M051,02 20 40 60 60 0O

Fig. 270. Fusibility diagram of partial system
2CaO- SiO2 - CaC)- ZrO2 (from Quereshi and Brett).

Key:

a. Weight 9
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"High liquidus temperatures (over 20001) are characteristic of the triple

partial system CaO -- ?CaO" SiO2 -- ZrO.. A fusibility diagram of the system

is presented in Fig. 270, which was plotted on the basis of study of eight binary

profiles, proceeding from ZrO2 in the direction of CaO - - 2CaO" SiO2 . Two

temperature maxima are noted: 1. in the partial system CaZrO3 -- Ca 2 SiO4 , I
2025 ± 25*; 2. in the partial system Ca 2 SiO 4 -- ZrO2 , 1975 ± 250.

.ZIP
50 8 0

ZP7i3 9  23 0 z7

N 8

Fig. 27. Z. ZPhsdagra: fCO- r2-

Si2system (from Quereshi and Brett).

a.Two liquids
b.Weight% 4

5ii

It
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cap



' M°tt'7s 
W.1747T

ooe.

Fig. 272. Coexisting phase 1 rianCles
of CaO -- ZrO2 -- SiO2 system

(from Quereshi and Brett).

Key:

a. Weight %1

() Complete phase diagram of the CaO -- ZrO2 -- SiO2 system is represent-

ed in Fig. 271. The coexisting phase triangles (trianguiation) of the triple

system, showing; the phases coexisting in the 1500-2000° temperature range,

are given in Fig. 272.

According to Kordyuk [•], the compound Ca 3 ZrSi2 0 9 is formed easily

from a mixture of .alcium oxides or silicates and ZrO2 at temperatures over

1200, and the compound Ca2ZrSi4Ol2o at 14000 and 15 hours exposure. The

last compound possibly is identical with the mineral eucolite, the composition

of which has not been precisely established.

Chukhlantsev and Galkin [5] anne iled a mixture of CaO and ZrSiO4 at

1100, 1200 and 1350%0 with subsequent chemical and X-ray anzdysis. Besides
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CaZrO3 and calcium silicates, Ca3 ZrSi2 0 9 and Ca 2 ZrSi4 0 1 2 occurred in the

roaction products. The ccmpound CaZrSiO5 was not found, which is in agree-

Srment with the data of Korayuk md GuI'ko.

Belyavskaya and Kupriyanova [LI selected specific solvents for the

CaO -- ZrO2 -- SiO2 system, which permitted determination, with sufficient

kccuracy, of the content in the mixture oi the componxnds CaC, ZrO2 , SiO2,

CaSiO3, Ca 2 SiO4, CaZrC3 , Ca ZrSi2 0 and ZrSiO4 .
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SrO -- ZrO2 -- SiO2

Dear [2) limited himself to study of the subsolidus region of the system.

j He discovered the compound 6SrO" ZrO2 * 5SiO2 . Galkin and Chukhlantsev [1),

studying the subsclidus region of the partial system SrG -- ZrSiO4 (anmealing
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at 1150 and 13500), confirmed the existence of this ternary compound, which

dissolves easily in hydrochloric acid. S.,-mmarizing existing data, the authors

() gave a diagram of the phase relationships in Jhe system (Fig. 273).

I CftO#S s rjGksýrs~

s ,osY ., . o sZror i O, z.. !

4&YiSZrzrOL

sres74.s.,r 3.r 2 iD SrstO3
*r Si 0iO4

$S'.O 7.7 ZO 30 40 50 ZrISic)

Fig. 273. Diagram of phase relationt~hips of SrO --
ZrO2 -- SiO2 system in subsolidus region (from GaJin

and Chukhlantsev).

Key:

a. Mo,'le %

BIBLIOGRAPHY
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BaO -- ZrO2 -- SiO2

The system has becn studied by Chukhlantsev and Galkin [11, in the sub- X

solidus region. Annealing was carried out at temperatures which eliminated
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melting of the mixtures. The phase composition was determined by chemical

* ... analysis. Under the annealing conditions adopted, the formation of two ternary

compounds was established, the composition of which correspond best to the

formulas 2BaO" 2ZO 2 " 3SiO2 and BaO" ZrO)2 3SiO2 . The compound BaO" ZrO2

SiO2' to which Jacobs referred [2, 31, was not found.

"The ecexisting phase triangles (triangula, .j of the system is represented

in Fig. 274. A verification study of annealing of mixtures of the two compatible

phases did not demonstrate any new compounds at all. Pure zirconosilicates

were obtained by sintering of the oxides at 1300* for a period of 24-30 hours.

Crystals of 2BaO" 2ZrO2 3SiO2 are weakly anisotropic, have an average index

of refraction of 1. -93, density of 4. 38 g/cm3 and they melt incongruently at

about 13800, with formation of BaO- ZrO2 " 3SiO2 and melt. Crystals of BaO2 "

ZrO2 " 3SiO2 have indices of refraction Ng = 1. 682 and Np = 1. 678, density

of 3.74 g/cm , and they melt without decomposition at approximately 14500.

_ Polymorphism was not found in these compounds. Coni pound 2:2:3 is easily

Sbroker. down in cold, diluted hydrochloric acid, and Zompound 1:1:3 is de-

composed by a mixture of hydrofluoric and sulphuric acids.

Slot

Bz~~$ ZZ 52 S3

IG 8S

) I Fig. 274. Coexisting phase triangles of BaO --

ZrOq -- SiO2 system (from Chukhlantsev and

Ke :a.n).7 ~Key: a. Mole % -423
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A12 0 3 -- ZrO2 -- SiO2

It has been studied roughly by Budnikov and Litvakovskiy [1, 2] by the

quenching method. The investigators limited themselves to the region adjacent

to the A12 0 3 apex. A detailed study was accomplished by Quereshi and Brett

[41. According to the data of the first authors, the system is characterized byI J the presence of one triple eutectic (Fig. 275), of the composition 53 weight %

A12 0 3 17 SiO2 and 30 ZrO2 . The melting temperature of the eutectic is about

18000.

4675*

7 ,r :0 40 60 S 10

Fig. 275. Approximate phase diagram of

A12 0 3 -- ZrO2 -- SiO2 system (from Budnikov

"•nd Lit';akcvskiy).

"Key:

a, Weight %
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Fig. 276. Approximate diagram of

phase relationships of A12 0 3 -- ZrO2 --

SiO2 system (from Barbariol and Podda).

Key:

a. Weight %T

JBarbariol and Podda [3] have studied the system in the subsolidus region

(1450-1700), carrying out prolonged annealing (with intermediate pulverization

of the samples). Ternary compounds and ternary solid solutionq were not

found. A triple eutectic between the ZrO2 , A12 0 3 and mullite fields melts at

1730 ± 200% and it has the composition 29 weight % ZrO2 , 53 A120 3 and 18

) SiO2 (Fig. 276).

The authors propose the existence of a second eutectic between the SiO2 ,

zircon and mullite fields, with an SiO2 content of 90-95 mole %, melting at

1570 _±- 20o. Up to 130, the triple phase diagram consists of three coexisting

phase triangles: 1. SiO, -- ZrSiO4 -- 3A120 3 2SiO2 ; 2. ZrSiO4 -- 3A120 3

2SiO2 -- solid soAition of ZrSiO4 in ZrO2 ; 3. ZrO2 -- A12 0 3 - - solid solution

Of Ai203 in 3A10" *2SiO2 . Above 17000, the position changes, and equilibrium

between ZrSiO4 and 3A12 0 3 . 2SiO2 cannot bE spoken of.
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INVARIANT POINTS OF Al 20 3 -Z- rO 2 -- S0 2 SYSTEM

(from Quereshi and Brett)

1 I 10tKecy : .

2 WJprmustma 15 5 90 16W
VI1 9 74 16145

Key:

a. Points (Fig. 278)
b. Process
c. Composition, weight %
d. Temperature, °C
e. Eutectic
f. Peritectic

Quereshi and Brett [4] have studied the region boumded by the compounds

3A1203 2SiO2 -- ZrO2 -- SiO2 . Mixtures were annealed to 1740%, with from

1 to 5 hours exposure and quenching in air. The authors presented their results

in the form of seven sections, two of which are introduced in Fig. 277. A

schematic diagram of the phase regions of the triple system is represented in

Fig. 278. The composition of the invariant points is given in the table.

The steep rise in the liquidus surface within the ZrO2 field (close to the

mullite-baddeleyite boundary) indicates a limited solubility of ZrO2 in the

melt. Ternary compositions containing more than 20-30 weight To'ZrO2 have

high refractoriness (over 17500).

X!
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Fig. 277. Phase diagram of some sections of

partial triple system 3A1 2 0 3 2SiO2 -- ZrO 2 --

SiO2 (from Quereshi and Brett): a. section

(9OSiO2 t 10AI 0)-- ZrO2 ; b. section (5OSiO. +'

50Al 20 3 ) - - ZrO2 ; C. cristobalite; M. nmullite.

Key:

c. Weight %/
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Fig. 278. Fusibility diagram of

partial triple system 3A120" 2SiO2f-
"'--1 ~ZrO2 -- SiC2 (frorn• Q.4ereshi and RretJ):

1. 1550 _•5*; 2. 1450 ;

3. 16350• 5%; ý 1600 t 5°; 5. 16345 ±5%;

6. 1655 ± ; 7. 1695 ± 50; 8. 1705 - 50;

C. cristobalite.

() a. Mullite
b. Weight %
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TU - ZrO 2 -- c~

Ramakrishnan and colleagues [1]. annealiag finely-g-ruand (up i'. 20

''microns) mixtures of ZrC'2 , HiO2 and quartz at 14500. showed that ZrSiO4

a~nd HfSiO4 form a continuious series of solid solutions. I'he unit cell para-

* meters changeid smoothly from a = 6.603, c =5.981 A for ZrSi0 4 to

a = 6. 569, c = 5. 967 Afor I-fSiO4 .

BIBLIOGRAPHY
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Th0 -- ZrO2 -- Si0 2

The system at subsolidus temperatures (300-14001), according to the

data of Munipton and Roy [21, --s represented in Fig. 279. Very limited solid

* solutions have been found between zircon and thorite, right up to 11'150.

Thi4 dissolves in ZrSiO4 , up to 4 t 2 mole 16, and ZrSio 4 in thorite, in an

Iamount not greater than 6 ± 2 mole Jo. The limits of the solid solutions in

;: I Fig. 279 are somewhat exaggerated for clarity. Considerably greater solubility

limits have been found in the metastable solid solutions obtained: the solubility

of ThSiO in zircon reached 35 mole 0/ and of ZrSiO1 , in thorite, 25 mole %4
See [11 for metastable solid solutions of ZrQ2 and Th02

Specific proofs of the compatibility of the phases on the connecting lines
*ThSiO 4 - - Zr0 2 adZ~O h2  were not obtained. Baddeleyite is never[ - associated with thorite in nature, therefore, the coexistence of ZrSiQ and

~jTh02 (at low temperatures) can be assumed. Zircon and ThC2 react upon

hezkt~iig to 14000, with iormation of huttonite + ZrO 2 *
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Fig. 279. Schematic. diagram of pl? ise relation-

) ships of Th0 2 -- ZrO2 - - 5i0 2 system (from

Mumnion "nd FOY).

Key:

a. Weight%

rhorium si1-cat• is encountered in the foorm of two polymorphic modifica-

tions, thorite (tetragonal crystal system) and huttonite (rnonoclini', cryst&al

system),and ZrSiO4 in one tetragonr.- modification.
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Cr 0 _' ZrQ2 - - S'02

The system has been studied by Smachnaya [1, 2]. A fusibility diagram,

in the form of a liquidus surface, in presented in Fig. 280. Ternary compounds
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were not found. Two triple eutectics (E5 and E6) melt at 1700 and 1660%, and

they have the compositions 15 mole % ZrO2 , 30 Cr 2 0 3 and 55 SiO2 and 10 mole

(OI) T ZrO2 , 5 Cr 2 0 3 and 85 SiO2 ; the pseudobinary eutectic point E7 , located on

the ZrO2 -- Cr 2 03" SiO2 connecting line, corresponds to the composition 15

mole % ZrO2 , 21.25 Cr 2 0 3 and 63. 75 Si0 2 , and it has a temperature maximum

of 18400 on the boundary line between E and E6 .

20 ~ 60

*60 Zro2

8 CF201 d700' o C

1760 g ;sr
AWRO 7546 0

COA 20 490 s0 g0 SieO,
CtAfg#z% Crz03JJS LIZ

kj ~Fig. 280. Fusibility diagram oZ Cr2 0 -

ZrO2 -- 3iO2 system (from Smachnaya).

Key:

a. Mole %

Smachnaya eetablished the exiztence of Lwo triple selid solution regions:

1. adjacent to tlie ZrO2 -- SiO 2 side (close to the ZrO2 apex) with a limiting

Cr 2 0 3 content of not over 5 mole % and SiO2 not over 10 mole %; 2. adjacent

to the Cr 2 0 3 -- ZrO2 side (close to the Cr 2 0 3 apex), with a limiting SiO 2

ccntent of ;iot over 3 m-ole % and ZrO2 not over 45 mole %.
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U0 2 -- ZrO2 -- SiOC2

The system was studied briefly by Mumpton and Roy [1] in the subsolidus

region. A diagram characterizing the solid solutions existing in the system in

the 300-1350 temperature region is presented in Fig. 281. In an oxygen

atmosphere at 13500, not over 4 - 2 mole % of the hypothetical compound

"USiO 4 " dissolves in zircon (ZrSiO4 ). This compound has not been obtained4.9
in pure form, and SiO2 4- UO 2 solid solution +- ZrSiO4 solid solution and

ZrO2 solid solution + UO 2 solid solution + ZrSiO4 solid solution coexist in

the three-phase regions. Up to 20 mole % "USiO 4 " can dissolve in zircon, in

the form of a metastable solid solution.

sIC.

75

ZrSW0,

U01 'm 50 75 Pea2

Fig. 281. Schematic diagram of phase relation-

ships of UO2 -- ZrO2 -- SiO2 system (from

Mumpton and Roy).

i'•y: F. Mole %1
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CoO -- ZrO2 -- SiO2

Muan (11, on the basis of thermodynamic data, ti,.angulated the system

for 12000. It was shown that the free reaction energy of 2CoO -1- ZrSiO4

Co2 SiO 4 4- ZrO2 is a value less; than 0 and, therefore, the compounds 2CoO"

SiO, 4- ZrO2 and 2CoO" SiO2 4- ZrO2 SiO2 will coexist.
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NiO -- ZrO2 -- SiO2

On the basis of thermodjnamic data, Muan [1) triangulated the system

for 1200. He showed that AG of the reaction 2ViO - ZrSiO4 = Ni 2 Sj0 4 +

ZrO2 is a value greater than 0 and that the following compounds will coexist:

Ni 2 SiO4 4- ZrSiO4 and NiO + ZrSiO4 .
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SILICOPHOSPHATE SYSTEMS

Na 2 O - - P2 0 5 - - Sio 2

The system has been studied in detai). by Turicdogan and Maddocks [1.

Important conclusions as to the phase composition were drawn, on the basis of

density determinations. The existence of three ternary compounds was estab-

li.ýhed: congruently melting 9Na 2 O0 2P 2 0 5 * GSiO 2 and incongruently -melting

5N,-.,Q P r 4SiO.. and l5Na 0' 5P 05 * aSiO. The authors give no indications

as to the formation o~f soliu solutions,

Foujr partial binary s)yz,,eras were studied: MNa 2 0 P 2 0 5 -- Na 2 0 SiC02

(simple eutectic), MNa0. P 05 -- Na 0Q*;.SiQ 2 (Fig. 282), 2Na 0* P2 05 -

9Na 0* 2P 0-. eSiQ; (Wig. 283), 2Na 0* P2 05 -- SiC)2 (simple eutectic) and

two pa rtial triple systems: MNa0. P2 05 -- Na 0. Sio) Na 0Q 2SiO2 and

MNa 2 0. P2 0 5 -- 2Na 2 Q0 P2 0 5 -- 9Na 2Q0 ~2 05 6SiO 2  In addition, the pseu-Ibinary profile 9Na 0O 2P 0 * 65102 - - Na2 0- SiOr was studied (Fig. 284).
2 ?1 5 2

A complete phase diagramr of the tri~ple system is represented in Fig. 295.

Studiesi of the density confirmed the phase relationships established on the ba-sics

of thermodynamic data [Translator's note: Portion of text nmissinzg]
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Fig. 232. Phase diagram of partial system

3Na 2 0. P 2 0 5 - - Na 2O0 2SiO 2 (from Tu~rkdogan

and Maddocks).
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kFig. 284. Phase diagram of part--ia5l- iO system aQ
P0 5 6SO -aQSO 2(from Turkdogan and Mdok)

Key: a.Ml
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Fig.a284.Tr Phse d a of iquid st 0

2P0 Si4a0* 60o (fro Turkdo n
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2NM2 0 P205 - - Na 2 0- SiO2 and 2Na 2 0. P 2 05 -- iO2 , diagraris of the specific

volume were obtained, with complete additivity. For bir.ary systems, in which

there are ternary compiands in the "sp cific volume-composition" diagrams,

the corresponding discontinuities are observed,

The compound 9Na2 0. 2P 2 05 * 6SiO2 is isotropic, and it has an index of

refraction of 1. 520. For the anisotropic compound 5Na20 P 2 0 5 .4SiO 2 , the

average index of refraction is 1.. 515. A well expressed twinning is character-

istic of tie compound 15Sa 2O0 5P 2 (). 6&iO2 , in which anisotropic crystals have

an average index of refracticn of 1. 510.

On the basis of indirect consic tions, the author concludes that a

region of immiscibility of the liquids -xists adjacent to the P 2 0 5 -- SiO2

side.
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TABLE 1
INVARIANT PCýiNTS OF Ne 2 0 P2~ 0 Sir, YSI' REM

DI

5NsxO.'DiOs, .009+NG -280.2+ pfhmmma 35.r7 1.3,7 b3.06 833

I 5NatG M7P,; -6SiO3 9NaO .2P3 01 . hbcourfy- 59.90 21.98 ft19.i '67*OSi~s+w;;,siJe-rb- e nfo

9NaOt 2P,Oa.SiO,+2 4 j,-Ncmb e- iltannomuIe 53.0S1.8 5141K
-FMhc~ E ONDreit:a M f4 27.20 18.39 9613X&O9 ' 1., ±NazO).siOt 9X32 0. 'I'vamwtn 43.40 3.50 53.10 9362P,2Ob 0&Sko: J--II"'(HOCTh

9Na2O -2P,O, ~SO +NaCI -SO 4f .50 2.70 55.70 j920-5N8 O 2P0 -~-;iO,+ wc.MK=e 0 15N. f ?.p~o 5 4SI*6'ja 2o-Sio3 j- 'L3-Kna 68 .r
+%X-2Si2+amA~ocrr.a 368 r,2.0 81

"+2N 2.7t 26.8 J) LOj W

Key: 0 11

a. Phases
b. Process
c. Composition, weight 0/

d. Temper-ature, 0CI
f. Tridymite
g. Melting
h. TIncongruent melting
i.Eutectic

ReactionJ
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TABLE 2
CRYOTrALLI'N•E PHASES OF Na 2 0 -- P2 0 5  SiO2 SYSTEM

4 Coexuner io Cpa. it %Tye Nm
PflCTS.1a

9N&6P -2P 0 SiOs "jJM Uane 1_______
5N%.2P•Ot.iO' eAm.pomm 1.515
t5Ni*O.aP, .SO, -- 8auos.80uo 1.510

Key:

a. Compound
b. Crystallographic characteristic
c. Appearance
d. Isotropic
e. Anisotropic
f. Twinied plateg

BIBLIOGRAPHY

1. Turkdogan, E.T., W.R. Maddocks, J. Iron a. Steel Inst., 172., 1, 1, 1952.

MgO -- P 2 0 5 -- SiO2

The system has been studied by Wojciechowska and Berak [1], limited

to the reaion MgO -- 3MgO. P 2 0 5 -- SiO2 and using the methods of thermal,

microstructu:?al and X-ray analysis.

In the partial system 3MgO- P 2 0 5 -- SiO2 (Fig. 286), a eutectic was

observed with a SiO2 crntcnt of 3. 5 weight 76 and a melting temperature of

1330°. An extensive region of immiscibility of the two liquids extends from

24 to 99 weight % SiO2 .
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(• DWojciechowska and Berak).

Key:

a. Two liqtids
L b. Weight %

The partial system 3MgO" P 2 0 5 -- MgO. SiO2 is a simple eutectic, with

) a eutectic melting temperature of 12900, and containing 30 weight % MgO.

SiO2 . The 3MgO. P 2 0 5 -- 2MgO- SiO2 system is a simple eutectic, which

contains 30 weight % 2MgO" SiO2 and melts at 13150.

In the partial ternary system bounded by the compounds MgO, SiO2 and

3MgO. P 2 0 5 (Fig. 287), there are three eutectics of the compositions 18

weight % SiO2 , 39 weight % P 0 and 43 weight % MgO, with a melting tempera-

ture of 12860, and 15 weight % Si0 2 , 38 weight % P 2 0 5 and 47 weight % MgO,

12870, and 11 weight % Sic 2 , 38 weight % P 2 0 5 and 51 wei(,*ht % MgO, 1307%.

The authors note that, with a SiOc2 content of over 10 weight %, glass can

e'isily be obtained in the region of binary and ternary eutectics.
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3MgO" P 2 0 5 -- SiO2 (from

Wojciechowska and Berak).,

Key:

a. Two liquids
b. Weight Jo-
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CaO -- P 2 0 5 -- S2

The system has been studied by Barrett and McCaughey [7], Bredig

[9, 10], Tr8mel and colleagues [22], Toropov and colleagues [51, Wojciechowska

and colleagues [23], Berak and Wojciechowska [8], St. Pierre [211, Nurse and

colleagues [18], Gutt [13] and others.c Two ternary compounds have been an
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established: 5CaO- P 2 0 5 • SiO 2 (silicocarnotite) and 7CaO" P 2 0 5 • 2SiO 2

(nagelschmidtite). Several series of solid solutions have been found. In the _

region adjacent to the P 2 0 5 -0 - iO2 side, there is a region of immiscibility

of the liquids. The general appearance of a phase diagram of the CaO --

P 2 0 5 -- SiO2 system, according to the data of Barrett and McCaughey [7],

is presented in Fig. 288. A section of the system which is of interest from

the practical vi.ew&point has been investigated by Wojciechowska anud colleagues

and Berak and Wojciechowska, the data from which is presented in Fig. 289a

and b. The region adjacent to the CaO apex and bounded by the CaO -- 2CaO"

SiO2 -- 3CaO. P 2C 5 compositions has also been investigated by Tr8mel and

' colleagues (Fig. 28901. The parc'ial system 3CaO. P 2 0 5 -- 2CaO" SiO 2 , in

which silicocarnotite and nagelschmidtite occur, has b-ýee studied in the

greatest detail. According to Barrett and McCaughey, for al] four phases of

this system, 3CaO- P 2 0 5 , 2CaO" 7CaO P 2 0 5* 2SiO2 and 5CaO- P 2 0 5 "

SiO2 , limited mutual solubility is characteristic, connected with the closeness

9 of the ionic radii of Si (0.39 A) and P (0.35 A).

As eariy as 1939, Lapin [2] showed that there is an excess oi 3CaO. P 2 05 0

relative to the composition ascribed to this mineral, 3CaO"P205.2CaO" SiO 2P

in silicocarnotite extracted from slag. Changes and complications were intro-

duced in subsequent investigations. Trbmel and colleagues found the following

phases: 1. a solid solution based on 2CaO" SiO 2 , containing 2 weight To P 2 05 ;

2. solid solutions containing from 3. 5 to 6 weight % P 2 0 5 and isotypic K2 SO4 ;

3. solid solutions with variale P20 5 content, from 12. 5 to 36 weight %, with

nagelschmidtite Zalling in this iegion; 4.q3CaO. P2 0 5 based solid solutions,

with fluctuations of the SiO2 in them from 0 to 5 weight 16
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Fig. 288. Phase diagram of CaO -- P 2 0 5 -- SiO2

system (from Barrett and McCaughey): Temperatures

are indicated approximately: 1. 20650; 2. 14750;

3. 1455'; 4. 1436*; 5. 1700°; 6. 1670*; 7. 15700;

8. 12800; 9. 14500; 10. 13500; 11. 14000; 12. 1600*;

13. 16000; 14. 12500; 15. 14000.

Key:

a. Cristobalite d. Silicocarnotite
b. Two liquids e. Weight %
c. Nagelschmidtite

The compound 5CaO P 2 0 5 SiO2 (silicocarnotite), according to Tr"mel,

is stable at temperatures beLow 13000 and can occur in equilibrium with the

melt. Silicocarnotite is fcrmed as a result of a solid phase reaction, from

compositions containing from 30 to 39 weight % P 2 0.. Klement and Erler [ 151,
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heating silicocarnotite to 2000% detected its decomposition int, thr. high-

ten'rarature form of 3CaO* P2 05 and the high -temperature ct form of 2CaiQ

- SO 2 i

Bredig. Together with the hexagonal Cr 2Ca0- SiO2 and the lower temperature

rhombic cc' 2 CaO. SiO 2 P corresponding to na-tural bredigite, he demonstrated

extensive solid solutions between tQ 2CaO- SiO2 and i3CaO, P 0, with the

peritectic reaction point betweeni them at approximately 18800. In a 1950

work, Bredig gave a new, somewhat modiffied version of the diagram, eliminat-

ing the 0 modification of dicalcium silicate and outlining the silicocarnotite

(9 field somewhat differently.

loco

76011 -for I4.00 O~CR 1430-

119125

0 ;3 40 60 s0 /IJ0
2 .l'c -, Xda7 P:05

Fig. 290. Phase diagram of partial
system 2Cu&o Si0 2 -- 3CaQ* P G.5
(fromn Nurse and colleagues): Ck

)iioaroie
Key:

a. W e i gt t5'
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Fig. 292. Phase diagram of partial system

Ca (PO4 2 --. 0 (from St. Pierre).

Key:

a. Two liquids
b. Cristobalite I
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We find new data on the partial system 2CaO. SiO2 - 3CaO P.0 5 in

Nurse and co]leagues [18), the results of *hich are presented in Fig. 290.

The nature of the new phase found ýA) is noc explained. The subsolidus ratios

in the system being considered recently were stucued carefuily by Fix and col-

leagues [12], by means of high-temperature (up to 19000) X-ray photography

of samnplt.-, prepared by long (21 days' annealing at 1400-14500. The region

next to 3CaO. P 2 0 5, where polymorphic transformations take place slowly,

was studied especially carefully. The number of phases found was the sawe

as in the work of Nurse and colleagues, but the positions of the boundary lines

are significantly different. As is evident from Fig. 291, the silicocarnotite

9 ) (Ck) field is considerably smaller, and the position of the stable temperature

maximum was found at a 3CaO P 2 0 5 content of 64 weight To, which is close

to the composition of silicocarnotite 5CaO. P 2 0 5 Si0 2 . Phase A, correspond-

ing to the stoichiometric compound 7CaO" P 2 0 5 " 2SiO2 changes directly to

phase R at 13500. The field of solid solutions based on it' 2CaO" SiO 2 reaches

a content of 20 weighl %0 3CaO. P 2 0 5 at 5000.

Balajiva and colleagues [6] plotted a diagram of the dependence of average

refraction on composition, in the 2CaO. SiO2 -- 3CaO" P 2 0 5 series of solid

solutions (up to 15 mole Jo of the latter).

The partial system Ca 3 (PO 4 ) 2 -- SiO2 has been studied by St. Pierre [21],

who deterrnineu the critical temperature of phase separation (Fig. 292). The

partial system CaO" SiO2 -- 3CaO- P 2 0 5 , according to the data of Wojciechowska

and colleagues [23], is represented in Fig. 293.
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Key:

a. Weight 76

Toropov and colleagues [51 have studied the reactions taking place in

the 3CaO. SiO2 -- 3CaO- P 2 05 system at 14500. At this temperature, dis-

sociation of trical'ium silicate takes place, caused.by the presence of 3CaO.

P 2 0 5 and, wi.th prolonged annealing, depending on composition of the initial

mixture, 4CaO- PO 5 , 5' .uicocarnotite and nagelschrmiltite can be found h, the

reactior. products.

Tor•,.pov and colleagues determined that silicocarnotite and nagelschmidtite

dissolve calrium oxide. Thus, at 14500, compounds (solid solutions) form,

with the co.ipositions 5. 3CaOQ P 205 SiO2 and 7. 3CaO. P 2 0 5 SiO2 , i. e.,

0.3 mc2.e ef ilcium oxide is incorporated in the silicophcsphate structure.
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Nagelschmidtite forms hexagonal crystals, with the cr K2 SO4 type

O structure; eleavage is good along (001) and perfect along (110). The indices

of refraction: according to Nagelschmidt [17], Ng = 1.661, Np = 1.652,

(-) 2V* very small; according to Segnit [20], Ng from 1. 690 *o 1. 661 for

different specimens, Np from 1. 680 to 1. 652, (-) 2V0 = 0.

Silicocarnotite crystallizes in the form of short, blue, rhombic prisms,

and more rarely in the form of lamellar crystals, compressed along the C

•&.s. According to the measu.rements of Lapir. [3], the crystalographic

is ratio is a:b:c = 0.66105: 1:1. 54380. The plane of the optical axes is

perpendicular to the basic pinacoid; (+) 2V = 760. The indices of refraction:

ij according to Barrett and McCaughey, Ng = 1. 640. Nm - 1. 636, Np 1 1. 632;

according to Riley and Segnit [191, Ng= 1.657-1.677, Np= 1.630-i.660;

according to Lapin (for samples extracted from slag). Ng = 1. 652-1. 656,

Np= 1.638-1.642. Cleavage is distinct along two mutually perpendicular

- directions: (100) and (010). Thus, silicocarnotite, in conformnence with the

-- nmeasurements of Lapin, definitely belongs to the rhombic system, and not to

the monoclinic, as was asserted by BUIcking [111. The density is 3.08 g/cm 3

(at 22'). Keppler [14] studied numerous monocrystals of silicocarnotite from

techmcal Thomas phosphate and confirmed its formula 5CaO" P 2 0 5 • Sio 2 or

Ca 5 (PO 4 ) 2 SiO4 . St..icturally, this compound belongs to the apatite class, with

crystals described as rhobic-pseudohexagonal [ 19].
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CRNSTALLINE PHASES OF CaO -- P 2 0 5 -- SiO 2 SYSTEM

() Compound System Ng Nm [Np 2V Notes

5CaO" P 2 0 5 • Monoclinic 1. 640 1. 636 1. 632 about 900 Pleochroism
SiO2 (silico- (?) Iin blue tones

in microscopic
carnotite) section; denrsity

3.084 g/cm

7CaO 2 P20 ? 1.661 - 1.652 (+)about200  Den-sity

2SiO2  Refraction can fluc- and up to Q1O 3.035 g/cm

(nagelschmidtite) tuate between 1. 642•ei and 1. 675

In addition to silico4.;arnotite and nagelschmidtite, two more silico-

phosphates have been found in Toromasphosphates, steadite and thomasite [1].

These minerals, extracted from technical products, contain impurities, and

they apparently do not figure in the CaO -- A12 0 3 -- SiO2 triple diagram.

Thomasite forms blue-green hexagonal crystals, of the composition (6CaO"

P 205) (2FeO" SiO2 }. According to Kroll [16], the Fe content decreases right

do--rn to iron-free thomasite, of the composition (6CaO" P 2 0 5). (2CaO- SiO2 ).

Thornasite has not been characterized optically. Steadite has been studied in

detail by Lapin [4]. Steadite apparently has a noticeable variability in compo-

sition, as a consequence of the formation of solid solutions, Lapin, to isolate

steadite from Thoma~phosphate, specifies the following oxide ratios: 13.87CaO"

3. 32P205- 1. OOSiO2 or 3. 3(3CaO" P 2 0 5). (2CaO. SiO2) 2CaO. This composition
sshould be considered as an average one, since the light refraction of various

samples changed from 1. 652 to 1. 682. The birefringence of steadite is

extremely narrow: 0. 003-0.004; it forms hexagonal prisms with definite

c leavagealong the prism and along the base; it is slight pleochroic, from
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colorless to yellowish brown. Iaphi thinks that steadiTe i- JimorphIc and,

upon cooling (from high temperatures), undergoes tr ..sformation (similar to,

Nfr example, leucite and bc,-acite) from tVe high temperature hexagonal rqodifi-

cation to a modification with lower symmetry (monoclinic or triclirjic), which

is stable at low temperatures. The density of the mineral, deterrmined

pycnometrically at 210, is 3. 163 g/cm3I
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AZnO - - P20 5 - - SiO2

Brown and Hummel [11 have studied the subsolidus region of the system

(annealing at 14000). Ternary compounds were not found. The coexisting

phase triangles on the triple diagram are given in Fig. 294. It was found

that SiO2 is soluble in the zinc phosphates ý Zn 3 (PO 4 ) 2 and 4 Zn(P0 3 ) 2 ,

amounting to approximately 5 mole %. Solid solutions have not been found in

other binary profiles.

ZnG P0 SiO2 system (from Brown

and Hummel),•-

Key: a. Mole %'
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B2 0 3 -- P 2 0 5 -- SiO 2

Study of the system is very difficult, because of the volatility of P 2 0 5

and difficulties in crystallization. Approximate data are introduced by Horn

and Hummel [21 and Englert and Hummel [1]. Horn and Htunmel studied the

central section of the partial system BPO4 -- SiO 2 , and they present the

liquidus curve in the 30-70 weight % SiO2 concentration region in Fig. 295.

I The mixture containing 62 weight % SiO. has the lowest melting temperature

975 ± 25°. In the work of Englert and Hummel. an effort was made to plot a

phase diagram of the triple system Bi2 0 3 -- P 205 -- SiO2. It is noted that

the samples contain water, even at a temperature of 14000. Boron phosphate

BPO4 , the approximate crystallization field of which is shown in Fig. 296,

separated out as the first phase in crystallization of glasses. Glasses rich

in silica and boric oxide could not be crystallized, even after 240 hours of

soaking at 9000. Glasses are easily obtained in the partial system BPO4 -

SiO2 .
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Al 20 3 -- P205 -- SiO

The subsolidus relationships in the portion of the Al 2 03 -- P 2 0 5 -- SiO 2

system containing less than 50 mole % P 2 0 5 has been studied by Robinson and

McCartney [4]. Ternary compounds have not been found. Solid solutions of

silica aid aluminum phosphate (AlPO4 ), th.e formation of which can be expected

on the basis of similarities of the unit cell dimensions, were not detected in

using various methods, including the electron microprobe method.
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Alr 0:* Pi0 was found in two polymorphic modif ications in the tempera-

tur rage tuded(800-14000): tridymite and cristobr'.Aite. At 10500 3ltd 72A

horexposure, both forms crystallized. Upon heating tc 12500, cristobalite

adthe cristobalite form of AlPO 4 were recorded. Compositions with 80) mole

10 Si0 2 and above contained only cristobalite, and 60 %/ and below, only the

cristobalite form of A1PO4 . Low-temperature A1PO4 , synthesized under

hydrothermal conditions (3500, 1 month), had the low-temperature quartz

structure, according to Strada [5).

Robinson and McCartney assert that two silicon phosphates cxist, SiO 2

P 2 0 5 and 3SiO2* P2 0 5 ' i. e., the data of Boulle' and Jary [1] and Jacoby [2]

are confirmed, but not that of Tien and Hummel [6], who demonstrated the

existence of SiCý)9 ' 205 and 2SiO 2 * P 2 0 5 . For both phosphates, Robinson and

McCartney present interplane distances and X ray l1ine intensities. A coexist-

ing phase diagram is; presented in Fig. 299, from their data (coexisting phase

triangles for 800, 1250 and 14000).

AP3 AP3

S3 pP, AP j Z S AP

j P*P4.S A P XA .P*S#M A P4

Sig, 135 Al2Oj sic: AjSj A1103

Fig,. 298. Coexisting phase triangles of A12 03 - 20 5

SiO2 system (from Lehmann): a. 9000; b. 900-1200*;I

Key: c. Weight%
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Lehmann [3] has studied the subsolidus region of the system and plotted

coexisting phase triangles for 9000 (Fig. 298a) and for the temperature range

between 900 and 12000 (Fig. 298b). At the temperatures indicated, eccording

to Lehmann, only one silicon phosphate 3SiO2. 2P20 5 exists.
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Ga 2 C.3 -- P 2 0 5 -- SiO2

Study of the system has been limited to the work of Shaffer and Roy [I],

who plotted an approximate diagram of the partial system GaPO4 -S- i0 2

(Fig. 299), in which solid solutions based on both SiO2 and GaPO4 form.

With increase in temperature, the region of solid solutions expands, and it

increases to 25 mole To GaPO4 close to the melting temperature of cristobalite.

4
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Fig. 299. Phase diagram of partial system

Sio 2 - - GaPO 4 (from Shaffer and Roy).

a. Cristobalite
b. Mole 76
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* PbO -- P 2 05 -- SiO2

The system has been studied ri the region adjacent to lead oxide by

Paetsch and Dietzel [1], using a heated micr'oscope. The portion -f the phase

diagram studied is represented in Fig. 300. The formation of two ternary

compounds i3 iidicated; 5PbO. P 2 0 5 SiO2 and 16PhO" P 2 Gr5 2SiO
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Fig. 300. Phase diagram of part of PbO -- P 2 0 5 --

SiO2 system; region rich in lezd oxide (from Paetsch

and Dietzel'. invariant points: A. 7250, B. 7100,

E. 815%, F. 8380, G. 9540, K. 6945, L. 7000% A. 710',

N. 828, 0. 948%, m 1 . 985%, m 2 . 9730.

Key:

a. Two liquids
b. Mole %

Wond& atscek and Merks-r [21 obtained 5PbO. P 2 0 5 - SiO2 Zrein a melt,

in the :or'm of hexagonal needles or rod-like shapes. The crystals are (,pti-

.ally uniaxial, the index of refraction is betxvzen 2. 0 and 2. 1 and extinction I
is direct. The compound does not disclose polyr.iorphic transform ation3a, and

it meltr, congru.,ntly at a temperature of 1016 ± 5%. The compouad v','h the

conjectural composition 16PbO. P 2 0 5 • 2SiO2 is formed by a reaction in the
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solid state at 6000. L'his compound exists in two modifications: the modifica-

tion transformation is accompanied by disintegration of the crystals into

S/powder.

The region of liquid phase separation extends up .o 70 .nole /, PbO.

Melts with gre.ater than a 30 mole 7n SiO2 content, with a low P 2 C5 content,

give glass upon cooling. All other melts are easily crystallized.
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VANADATE -SILICATE SYSTEMS

ZnO -- V0- SiO

2 5

The system has been studied by Brown and Hummel [11, in the subsolidus

region. The coexisting phase triangles are shown in Fig. 301. Negligible

solubility of zinc oxide and Zn2SiO4 in Zna3(VO4)2 was observed. Other

solid solutions were not found.

,INo••

AVIV,

VnA -SILIAo T SYT E

Fig. 301. Coexisting phase
triangles of ZnO -- V 0

SiO system (fhed Brow aidwn

and Hummel).
,'i• Key:

a. Mole n a
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ZrO2 -- V2 C5 -, SiO 2

Investigation of the system has been limitea to annealing of certain

mixtures of oxides for the purpose of obtaining ceramic pigments. Some

information on this question is contained in the works of Cini [4], Burdese

and Borlera [3] and Matkcvich and Corbett [5].

Bystrikov [1, 2] demonbtrates that vanadium of various degrees of

oxidation is incorpoiated in the zircon structure, with formation of the com-
+ 3+ 2 - 4+ fc2-

pounds: Zr 1 _2 xVx5 yV3x- Si1202- of a green color, Zl-xVx+ ySil-Y 4 le

of a olue color. Here, x and y are the respective fractions of substituted

zir, onium and silicon ions.
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NIOBATE-SILICATE SYSTEMS

ZnO - - N 05-- -i

The system has been studied !)y Brown and Hurmmel [11, in the subsolidus

regio~n. The coexisting phase triang-les are s,,,own in Fig. 302. Solid solutions

have not been found. 4

F; p. 3 02. Coexisting phase

triangles of Zr~O - - Nb 2 0 5--
9.CY2 (fromn Brown and Hummel).

Key:

a- Mole

BIBLIOGRAPHY
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TANTALATE-SILICATE SYSTEMS

CaO -- Ta2 0 5 -- SiO2

Reeve and Bright [31 have studied the sy3tem, using a high-temperature

microscope and the quenching method. The authors introduce a phase diagram

of the binary system Ta2 0 5 -- SiO2 (Fig. 303). In plotting the diagram, the

data of Bush [ 1] were used. The ruthors draw attention to the anomalous

trend of the liquidus curve (a break at a Si 2 content of somewhat over 10

weight %). In accordance with the data ol Reeve [2], there are 5 compounds

in the C&O -- Ta2 0 5 system: CaO- 2Ta.2 0 5 (incongruent melting, 17301).

CaO- Ta20 5 (congruent melting. 19581), 2CaO- Ta 2 0 5 (congruent melting,

18960), 4CaO. T, 2 0 5 (irnorgruent melting, 1990') and 5CaO. Ta 2 0 5 (stable in

the 1460-159U0 range).

One compound, melting incongrmently at 1478% IOCaO- Ta 2 05- 6SiO2

(Ta kit.e) has been found in the triple system; it is isostructural with the

mineral niokali-u. A large region of liquid immiscibility is characteristic

of the system; it txtends from the CaO -- SiO 2 side, but it does not irtersect

Sthe Ta 2 0 -0 - SiO 2  side (the houndary line is at a distance of abovi. 1 w etke .•ht % ).

469 i

-~ ii



II
Orog

:700 jU

1600-

•W !

,aoo __3.,_.~5iJ

0 20 4,2 60 50 ;2'rQ,,5  d6 " ,

Fig. 303. Phase diag,.arr of
binary system Ta2 -- SiO2

(from Bush).
Key:

a. According to Reeve and Bright
b. According to Bush
c. Cristobalite
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Fig. 304. Phase diagram oi CaO - - Ta2O 5 - - SiO)2
syz~er (from Reeve and Bright).

Key: a. Two liquids d. Ta kalite
b. Tridymite e. Rankinite

c . .ris.obalite f Weight



INVARIANT POINTS OF CaO -- Ta2 O 0 -i SYSTEM

b. cocrfl. sec.% Tuc
0a111lpo'ce Iay

GanoI TuO, IOS10

en1~~~ jye1 OTO;',G 381C3AHf11

a.(:a0.SiO 2+fP-Cu0.Ta20O1+ afrm'emina 27.2 31.5 4t.3 131G
+SiO, 1-MIntCocM4

u-Cn() Si0.+P-CQO TaO&+ Vepirneursa 31.2 38.6 30.2 1376
1-2GnO .,]*.I -HIn:;u1c1 .4iiC;

u.CaO .SiO2.1-:3Ca -2SiO,+ ýTaepmenxa 50.2 10.0 39.4 1414

I(OCTI,
CA-.aUCaO . i.420-aO2S06+ Ne3TTK& 50.4 310.0 30.8 1418

Icoc'f 1

"2C.n 06+ 4-C)TiO--*'2.21 32 8 25.0

Llonytyieiric iiarpeba~cI.IIai~im matpoCMoUOx

1"el~en~ 37 8.7 7. 14.5 1640
CaU.2. O- Sio, + 03.3 8. 2) I4

Ca6 .2TaO 4+a-Q0o.,ra 1 o1+ pumnmwzza ft.0 82.2 11.8 1650

2CaO .SiU3-j-3Ca(.)SiO,+ flapinewnia 465 38.0 15.5 18170

Mao-1'0.+(,a -T 0, 50.0 36.0 14. 1950

Key-

a. Phases f. Liquid
b. Process g. Eutectic
c. Composition, weight %h. Peritectic
d. Temperature, OC i. Obtained with heated
e. Obtained by quenching microscope

mnethod

A phase diagram of the system is represented in Fig. 304. Three partial

profiles are simple eutectics: CaC-i - - 1OCaQ Ta 0* I'iiO2 CaO- Si02 -

2CaO- Ta 2Q05 and 2CaQ- SiC 2 - - lOCaO* Ta 2Q05 * 6Si0 2 .* The authors present

indices of refraction for several glasses of the system.I
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ZnO -- Ta2 5 - - SiO2

The system has been studied by Brown and Hummel [1], in the subsolidus

region. Coexisting phase triangles are introduced in Fig. 305. Solid solutions

have not been found.

Fig. 305. Coexisting phase triangles

of ZnO -- Ta2 O5 -- Sio 2 system

(from Brown and Hummel).

Key: I
a. Mole 76
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CHROMOSILICATE SYSTEMS

MgO -- Cr 2 0 3 -- SiO2

The system has been studied by the quenching method by Keith [3].

Extensive investigations in the subsolidus region have been carried out by

Klyucharov and colleagues. Keith did not find ternary compounds. A large

region of immiscibllIty of the liquid- has been established, adjacent to the

SiM2 -- Cr 2 0 3 side (Fig. 306). It is interesting that, of the six compounds

existing in this system -- MgO, SiO2 , Cr 2 0 3 , 2MgO" SiO2 , MgO" SiO2 and

MgO. Cr 2 3 - - the triple diagram field is occupied pr.edominantly by only

3 compounds, MgO, Cr20 3 and MgO. Cr 2 0 3 (magnesiochromite). The

cristobalite field is especially snall (see upper left in Fig. 306).

The immiscible liquids give glass upon cooling. The silica-rich liquid

ha.i an index of refraction of 1. 462, which is close to Lhe index of pure silica

glass (1. 458). Coexisting phase triangles of the system are introduced by

Ford and Rees [2].

Klyucharov and Khlebnikova [1] have studied the reactions fox mring

compounds in the subsolidus region (annealing in the 1000-1600° ,ange).
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Fig. 306. Phase diagram of MgO -- Cr2 03 - -

Si2 2 system (from Keith).
4Key:

Sa. Chromic oxide e. Protoenstaa.te
ib. Regi.on of two liquids f. Forsterit.e

c. Cristobalite g. Periclase "Id. M~agnesiochromite h. Weight %

Ternary coxipounds were not found. AUl of the chromic oxide reacts quickly •

wit.• magnesium oxide below 10000, with formation of MgO. Cr 2 0 3 . Regard- -•

less of the ratio of the initial oxides, the first silica e compound is forsterite,

which, in the case of the presence of ani excess of silica, forr~s enstatite as -

b econdary phase. In the MgO - - 2MgO. -O -- MgO" C203 cneta n'

S- ~.474 -:•
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ro.gion, 2MgO. SiO2 is present in samples annealed at 14000, when equilihrium

is reached rapidly. In the MgO Cr 2 03 -- 2MgO" SiO2 - - SiO2 concentration

, region, when 2MgG. SiO2 and MgO- SiO, are present, equilibrium is reached

over a long period of time.

INVARIANT POINTS OF MgO -- Cr 2 3 -2 - Si0 2 SYSTEM

ccra. o .I,, •

S•) UO ¢.r3O3 $103 ::

F #lpP17.'183 q-Copc"opl4 - U•rrxmilia 59 1 40 1R5S0 +10--*mrp310 )6)11T ; I SiO*

IE flp.IT,,, 1,1,1ral M +1,;IcT0.a-g 34.5 1 64.5 15'G 4 3

9 l)opw• + pVrnplnomiaca-) Ponawroui- 39 2 59 1550 1 5
T~lT ,,,•';1," |a iIOXpOMfT-1- uan To'=na

P ![arahu,'n.,CpoAT+ntpacro.- a To we -0.5 -0.5 99 17i0- 0 +1
6,Va.'T-j ,,h,'b AO p,..%a+

Key: 2-i

a. Points (Fig. 306) h. Magnesiochromite
b. Phases i Liquid
c. Process j. Pi',toenatatite
d. Composition, weight K K. Cristobalite
e. Temperature, 0C 1. Ch.:-n'ic oxide
f. Periclase m. Eutectic
g. Forsterite n. Reaction point

o. Same
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CaO -- Cr 2 0 3 -- SiO2

The system has been stuidied oy Glasser and Osborn [6] by the quenching

method. The region adjacent to the CaO apex, where the appearance of

chromium with high valence is possible under oxidizing conditions, was not

studied. A phase diagram of t-he system is presented in Fig. 307. The char-

acteristics of the crietobalite fi',ýd are given at the upper right in this figure.

The liquid phase separation region adjoins the Cr 2 0 3 -- SiO2 side. in the

boundary section, where the Cr 2 0 3 and cristobalite fields meet, two crystal-

line and two liquid phases coexist. One of these liquids is almost pure silica,

and the second has the composition 2' weight % CaO, 1 Cr20 3 and 72 SiO2 .

One ternary compound has been found in the system, 3CaO. Cr 2 30

3SiO, - Ca 3 Cr 2 Si 3 0 12 o which is found in na-ture in the form of the mineral

uvarovite. This compound, existing at low temperatures, dissociates at

13700 into c( CaSiO3 and Cr20 3. A diagram illustrating the phase equilibria

along the CaSiO3 -- C 2 0 3 profile is presented in Fig. 308. The subsolidus

phase relationships and coexisting phase triangles at 1350* are shown in Fig.

309.

The authors point out that the compound of calcium oxide and chromic

oxide, to which FoA-d and Reed [4] ascribed the formula 9CaO. 4CrO3 " Cr 2 0 3 ,

actually is a compound with pentavalent chromium Ca 3 (CrO4 )2 , which is

structurally similar to Ca 3 (FC 4*. and which forms a solid solution with

Ca 2 SiO4 containing up to 20% cromate. The compound "a 3 (CrO4 )2 can be

obtained by heating (24 hours) a mirture of trie mrnposition 3CaO + Cr 2 0 3 in

air at 900-10000. It is stable in the low temperature range. At 8000, it is

oxidiz-d to CaCrO4 , and it can be melted congruently a -, 12280. i
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"Fig. 307. Phase diagram of CaO -- Cr 2,' 3  ..Sio,2
system (from Glasser and Osborn).

* Key:

a. Cristobalite
b . Tridymite
c . Two liquids,
d. Ra.ikinite
e. Lime
f. Weight %/
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• ~~Swisher and McCabe [8] have studied the phase separation of melts. •x

0 10 /1 0 0 8

FThey showed that phase separagion is observed at 16000. Te authors pro-

• posed an original method for determination of the chemical composition of the
liquid phases separating, which is especially suitable for liquids which easily

give emulsions. A binary melt (CaO + SiO2 ) is in a platinum crucible with

holes in the sides, placed inside a large crucible. Cr 2 0 3 powder is poured

into the large crucible, above which a binary calcium silicate melt is built up.

After prolonged controlled heating of the entire system and achievement of

equilibrium, the innercrucible contains only lighter liquid A; two liquid layers
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Fig. 309. Diagram of subsolidus phase relati--)ships
of CaC - - Cr 2O03 -_- Sio 2 system at 13500 (fromn

Glasser and Osborn).

Key:

a. Tridymite
b. Uvarovite

5 i c. Rankinite
d. Weight %

are observed in the outercrucible, of which only the lower one, liquid B, is

analyzed. The results of determination of the composition of both licjuids,

the chromic oxide-poor liquid A and the chromic oxide-rich liquid B, are

presented in Fig. 310, The oval-shaped phase separation region extends fr~orn

the CaO - - SiC) side In the Cr G3 airection. The tie lines are almost parallel

to one another.I
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CCO 40 ,40 so 70 $ilo

Fig. 310. Phase separation of melts in CaO --

Cr 2 0 3 -- SiO2 system (from Swisher anti MvcCabe).

Key:

a. Weight%

Boykova and colleagues [2], annealing tricalcium silics e 3CaO. SiO2

with Cr 2 0 3 at 1450-15000, showed that the solubility of C.203 is 1. 5 weight

j%. rhe resulting limiting solid solu+ion has indices of refraction Ng - 1. 726 ±

0. 093 and Np = 1. 722 t 0. 003. The authors observed an interesting process

of -akd-nvp of the solid solution, taking place at a temperature of about 100G°.

A a -osult of the breakdown, calcium oxido and strongly birefringent, green

•rycta]s, with indices of refractimn Ng - 1. 767 _ 0. 003 and Np - 1. 754 j: 0. 003,

Y-in. The natur.e of these crystals has not been precisely established, and

thc -tathorz propose that they are a -olid 3olution of Cr20 3 in 2CaC, SiO2 . It

is i•'.pr-etirg that incorporation of magnesium oxide into the solid solution

prewvs ; ik breakdown.
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INVARIANT POINTS OF CaO -- Cr 2 0 3 -- SiO2 SYSTEM

O U

Toqua 1tOTu3C.
CaO Cr.O3 SIO, pa

-- Ifp1CoG..•1 t-Tpwwnrn% flpeupauke- 32.5 3.0 64.5 1470+Cr.O0 -ý-;.zm,tHoCTTN 1111
A Ifp;i1i:1ro-1aI":'-CSiO--+ [3iTolme a 34.5 3.0 62.5 1418

'-Cr.0 3+;Imvt1;(1wcmh
OL-d"CnSiO,+Cr2O 3+;,uor ncreumma 45.0 6.0 49.0 1514

C i'a,'~IliIltr+-A-Ca~iO, - 3nreninuna 51.0 7.0 42.0 1407
4. Pillllt1 ll.-111t-•;i.q)l.-1I- Tlellplln i- 52.0 7.0 41.0 ' 1430

+- r.- 0+;-ýt;u~ocrT;U•I h Till1a

E CySiO 4+P-CtO .CrO 3 + ' To 'He 53.5 12.5 34.0 1566
"l-CrO, O+)tutA~ocm S

F CaSiO4-+--CaO.Cr1O3+ acreifmnia 54.0 20.5 25.5 1720
+)lUTAX.OCM %I

Key:

a. Points (Fig. 307) h. Liquid
b1. Phases i. Rankinite
c. Process j. Transformation
d. Composition, weight % k. Eutectic
e. Temperature, 0 C 1. Dystectic
f. Cristobalite m. Peritectic
g. Tridymite n. Same

Sychev and Korneyev [3J have shown that the maximum solubility of

Cr Cr 2 0 3 in 3CaO. SiO2 at 1500* is approximately 2 weight %. With a higher

Cr 2 O3 content, part of the SiO2 is replaced by chromic oxide and 2CaO SiO2

and free calcium ox de form. The authors confirmed their conclusions by

thermographic and LR spectroscopic examinations.

Berezhnoy [11 notes the nonreproducibility of uvarovite synthesis by

means oi solid-phase reactions, from a mixture of CaSiO3 and Cr 2 0 3 . Hummel

[7] and Geller and Miller f5) were engaged in uvarovite synthesis.
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Fe 3 0 4 -- Cr 2 0 3 -- Si0 2

Phase equilibria in the system have been studied in an atmosphere of

_ ir by the quenching method by Muan and Somiya [2]. A phase diagram for-

the liquidus temperature section, obtained by projecting the phase relation-

ships on the Fe 3O 4 -- Cr 2 0 3 -- SiO2 plane, found along an uneven isobaric

surface (02 pressure - 0.21 atm), passing through the tetrahedron of the

Fe-Cr-Si-O system, is represented in Fig. 311. The section of the diagram

adjacent to the silica apex is given to the right of the tr'ngular diagram, in

enlarged form.

The lowest liquidus temperature (in an atmosphere of air) in the Fe3 0 4 --

SiO 2 system, i.e., the eutectic which is in equilibrium with tridymite,

magnetite and liquid, according to Muan [1], is 14551. In proportion to addition

of Cr 2 0 3 to the Fe3 +4 $- SiO2 mixture, the liquidus temperature rapidly
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C_)

20 _W. . N Cli

increaes iog.h ndr 3t 1. Pcri at

spinel. soldol tions andlitudae d. eqTiriury . ith nrae naon

of Cr23 the liquidus tera•perature continues to increase, initially along the

iquidus surface of the spinel solid solutions, through the region of two im-"

iscible liquids and then along the liquidus surface of the sesquioxide solid

solutions.
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6V 50. 40 69 A 4 G
40 4-

ships during change in temperature from 1400 to 1700° in
the Fe 370 4 -- Cr2 2 -- 3 SiO 2 system (from Muan and

Somiya): a. 14000; b. 15000; c. 1700°; K. cristobaliLe;

P. sesquioxide; S. spinel; T. tridymite.

Key:

d. Weight 7%
e. Two liquids

"97) Three isobaric invariant k'ections have been established in the system ,

in which the following phase ass ,ciations are in equilibrium (weight %/6):

1. at 1710°, cristobalite, spinel solid solutions (50%/6 Fe 3 0 4 , 50%16 Cr 2 0 3 ),

sesquioxide solid solutions (29%6 Fe 3 0 4 , 71%/6 Cr 2 0 3 ), liquid (9176 SiO2 , 6%/6

Fe 3 0 4 , 3% Cr 2 0 3 ) and gas (P 0 = 0.21 atm); 2. at approximately 18500,
02

spinel solid solvtions (43% Fe 3 0 4 , 5716 Cr 2O), sesquioxide solid solutions

(18%6 Fe30 4 , 82% Cr 2 0 3 ), two liquids (89% SiO2 + 5% Fe 3 0 4 ' 6% Cr 2 0 3

and 31% SiO2 4- .±u% Fe 3 0 4 + 23% Cr 2 0 3 ) and gas (P 0 2- 0.21 atm); 3. at

1700°, cristobalite, spinel solid solutions (69% Fe 3 0 4 , 31% Cr 2 0 3 ), two

liquids (83% SiO2  15- 15 Fe 3 0 4 -2 2% Cr 2 0 3 and 34% SiO 2 + 56% Fe 3 0 4 + 10%
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Cr 2 0 3 ) and gas (P 0 0. 21 atm). For a more detailed indication of the

change in phase composition vs. change in t.-.nperature, a series of isothermal

sections of the Fe 3 0 4 -- Cr -O 3 -- SiO2 system in an atmosphere of air is

presented in Fig. 312.

BIBLIOGRAPHY
1. Muan, A., J. Metals. 7 9, 1955, (Trans. Amer. Inst. Mining Met.

Engrs., 203, 965, 1955-; J. Amer. Ceram. NSoc., JO, 4, 121, 1957.
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FERRISILICATE SYSTEMS

Na 2 0 -- Fe 2 0 3 -- SiO2

\__ The system has been studied by Bowen and Schairer [3] and Bowen,

Schairer and Willems [4]. At elevated temperatures, as a consequence of

dissociat'.on of ferric oxide, a small (on the order of 1%6) quantity of ferrous

oxide (Ft.O) appears, which can be disregarded. Four ternary compounds

have been found: Na 2 0- Fe 2 0 3 " 4SiO2 (acmite or aegirite), 5Na 2 0" Fe 2 3

K' 8SiO2 , 6Na 2 0- 4Fe2 0 3 5SiO2 and 2Na2 0* Fe 2O 3 SiO2 . The fields of some

ternary compounds are shown in Fig. 313. The direction of the tridymite-

hematite boundary line indicates the small likelihood of existence of compoun'ds

between Fe 2 0 3 and SiO2 and, rather, is evidence that complete immiscibility

should be observed between these oxides in the molten state.

Acmite Na 2 0" Fe 2 0 3 " 4SiO2 melts incongruently, according to new data

of Bailey and Schairer [2], at 988 ± 50, with separation of hematite and liquid,

the composition of which becomes identical with the composition of acmite at

) 1310.
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a. Tridymite d. Two liquidsb. Quartz e. Hematite
c. Acn4ite f. Weight

The compouind 5Na20" Fe203- 8&0O2 melts congruently at 838'. The

strongly basic compound 6N&20" 4Fe203* 5.SiO2 has a, small field, intersecting

_.•the line passing between Na 20. SiO2 and Fe 20 3, and it melts congrue:atly at

* -
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Fig. 314. Phase diagram of
partial system Na 20. Sio 2---

( ~Fe203 (from Bowen and colleagues).

"- ~Key:

a. Hematite
b. Weight 16j

•"q/ q'
A .,wun',*.

000n -

I to .o 0 14 50

Fig. 315. Phase diagram of
partial system Na 2 0-2SiO2 2
(e Fe 2 G3 (from Bowen and colleagues).

Key:

a. Acmiteb. Hematite
c. Weight %

488

4. .



MO i2 oj Key:

r~ a. Hematite
rrvetmi -4 b. Acmite

c. Wnight %/

Fi.316, Phase diagram of
partial system Na O* Fe2 OK9  ~ 4SiQ2 - - Fe2 Q0 (from ELowen

and colleagues).

t200 P)kv I&4ci,

600
0 10 20 3

ffaO4t0 F0 3,c 6 CV. (A K M'U q

Fig. 317. Phase diagram of
partial system Na 2 04SiO 2 - I

)Na 20-Fe 2O03 *4SiO2 (from

Bowen and colleagues).

Key: I
a. Tridymite d. Quart z
b. Hematite e. Weight To
c. Acmite
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Four partial binary profiles are given in Figs. 314-317.

Gilbert [5, 6] has studied the behavior of acmite at high pressures. With
increase in preesure, the melting temperature of acmite increases, exceeding

16000 at a pressure of 50 kbar. A curve of the incongruent melting of acmite

is shmArn in Fig. 313. This kind of melting of acmite has been followed to a

pressure of 45 kbar, and it is expressed by the equation t(OC) - 988 + 20. 87P

(kbar)-0. 155 P"(kbar). Attention is attracted to the extremely steep rise in

the meltizg curve of acmite (20°/kbar).

Va

0 to 20 30 0 50

Fig. 318. Acmite melting
temperature vs. pressure
(from Gilbert).

Key:

a. Hematite
b. Magnetite
c. Acmite
d. P, kbarI • I
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TABLE 1
INVARIANT POINTS OF Na 2 0 -- Fe 2 0 3 -- S'O 2 SYSTEM

A aOl~~m•+mg•r,2MO,-NaOFO.is+i, 46.6 419.2 4.2 60 '

B i,.llial0-..iti~iltit 3t.0 51.2 14.8 870

iii
C Na++,.0lfe.O,.i0 i~l+.Fe:O3+S9i0-o(TrPnA 20.5 ,57.8 21.7 955
a Na.o.23Si0)+NajO Fe203-4Si02-1rlx.A+ 54.8 35.0 J1O0 .2 Ite

I' 
IC 

I
G A N%' 2aoiO.+Nl.F 2 'Sj.O + 50.6 49.2 428 8W
1 NiO.1.0I... HO-- 55831.0 M2 24.8 700

10 N)' 0-+ 2053 ;78

aF'cO 3, .j -i- S .a . 2.7 5
I Na, .. 2j tVi-,N O •FaesO -.4SO 2 -J-1a&, 5.8 35.0 4 .1 83 0

"Fc Na~) .•iO+N5 .a.8-2i;j O+5Ni,0 57.1 31.4 6.0 81)

SK. N0.0 8.ie02T3

05i61.9 19.0 W6.3 8 7 W

5 NaO. 1,'e.O 1 .SiO. +N~a2 O-I" O2 . "O' 2. 0

)d 5N:',').l ,.O.3 .SSiO2 -1.Fe.O 3+;ii~mxocmf' 55.0 16.2 28.8 818
// NaO .Situ A Fo:O,+5Na•O .Fc2 Oa. 59.2 11.9 28.9 815

I Na3(s .Siol+FeOi+0•jaO4.FeaOI ,58.6 4.,, 37.0 P45

K N.O.SRt)•+Na.O.2S•Ol+5Na 20O.Fo2O2 . $0.t 23.9 6.0 818 •

-- N.'4).O .F 8S.O -liO..-;-;tii uci, tOCl•l 01.2 t9.0 1t3.8 8353+

Key: bs alabeCOY

a. Points (Fig. 313) e. Quartz
b. Phases f. Liquid
c Composition, weight % g. Tridymite
d. Temperature, °C

Bailey [1) has studied the fusibility of acnmite in the presence of water

vapor, under conditions of controlled oxygen pressure. The melting of acmite

is very sensitive to oxidizing conditions. Thus, at an oxygen pressure

created by a buffer of hematite and magnetite, acmite melts at a total pressure

of 2 kbar and temperature of 8700 with decomposition intc hematite, magnetite
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TABLE 2
CRYS'7 ALLINE PHASES OF Na 20 -- Fe 2 3 - - SiO2 SYSTEM

l'a,•Ir)'c tlafllloctlrb A Nut N'p '••. r .ai+c~

:.I'lli'l craxion 1`111ry 2V- IIlI111I

01 C,, * .. +i +
0IaO•F-~ 0 SO 2i"~ 'I, o Ia.b- , litp.- iG-.• -- 4.Ci,.3 O.t'IG; (•+) . - +lIl.

-mll 0la amfil i a,' ~ z lqru . *I f1!I -.1 (lft .lo j :~ w ~ ;

r••,: .:"'O, "SO+ I - i oi,'.• ; - - i." -' 0.+1 '- ...
I I plt:l IG.+It II I

-tu ti j1 :ylg i i I

I (Key:
a. Compound
b. Crystal system
c. Appearance
d. Cleavage
e. Optical orientation
f. Notes
g. HexagonalSh. Prisms
i. Glass
j. Rounded grains,

polysynthetc twins
k. (aegirite or acmite)
1. Monoclinic
m. Thin plates along (100)
n. Perfect along (110) at angle of 880Io Optic&l axis plane (0.10) 3p. Elongation II c; density 3.55 g/cm
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and liquid; correspondingly, with a quartz, f ayalite and magnetite buffer, the

Smelting of acinite (at the same total pressure) b'akes place at 7800, with de-

composition into magnetite and liquid.
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K0-- Fe 2O 3  Sio 2

The system has been studied partially by Faust (2], who presented the

profile K2 0. GSiO2 -- K2 0 Fe 0 ' 6SiO2 (Fig. 319), which should be considered

to be pseudobinary. Compounds similar to the compounds in the T'2 2- A0 3

Si0 system exist in th3 K2O - - Fe 2 0 3 - - SiO2 system, namely: Fe ortho-

clase K2O. Fe 2CG 3 MOTiC, Fe leucite K20. Fe O3 * 4SiO2 and Fe kaliophylite

K20. Fe2O9 ' 2SiO2 . These ternary compounds are sbown in Fig. 320.

Wones and Appleman [4] have shown that iron feldspar exists in two

poi~k-iurphic forms. Týhe low-temperature form, similar to n'icrocline, was

synthesized from a mixture of crystallized glass having the composition K2 0.

6SiO2 and ferric oxide WFe 2 O at a pressure of 1000-2000 bar and a tempera-

tture below 690*. The high -temperature form, similar to sanidine, was ob-

tained by a synthesis carried out above 710*. Gaubert [31 synthesized Fe-sanidine
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Fig. 319. Phase diagram of partial system

K2 0. 6SiO-- K2 0 Fe 2 0 3 6SiO2 (from Faust).

Key:

a. Hematite f. Fe-leucite
b. Tridymite g. Fe-orthoclase
c. Metastable cristobalite h. Glass
d. Quartz i. Weight %
e. Metastable tridymite

by heating a mixture of SiO2 and Fe 2 0 3 in molten calcium vanadate. The

transition of Fe-sanidine into Fe-microcline, according to Wones and

Appleman, takes place at the pressure of 2000 bar and 60C°. At 7700 and

1000 bar, Fe-microcline completely changes to Fe-sanidine.

Fe-sanidine melts with decompesition at 9200. Crystals of Fe-microcline

are in the triclinic system. The optical orientation Xt'- B, Z A' c = 20 ± 5.

The unit cell parameters: a-= 8.69, b = 13.11, c = 7.33 A, r -- 900363,

1160021, y - 86°30'. Fe-sanidine crystals belong to the monoclinic

Ssystem, and the- have indices of refraction (according to Gaubert): Ng = 1. 609,

Nm = 1.605, Np = 1.601. The optical orientationY = I, Z A c 164- 40.

The unit cell parameters: a =8.69, b - 13.12, c 7.3?A, #8 116*06'-

0.5'.
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• Fig. 320. Ternary compounds in K 20 -- Fe 203 -SiO2 system (from Faust).

Key:

a. Fe-orthoclase
b. Fe-leucite

c. Fe-kaliophylite
d. Weight ',0

Faust and Beck [1, 21 measured the indices of refraction of glasses of

the -Fe SiO2 system.

20 2 3
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MgO -- Fe 2 0 3 -- SiO2

The phase diagram of the system has not been determined. Ber.zhnoy

1 1, 21 showed that, in the partial section Mg 2 SiO4 -- MgFe20 4 , there is a

eutectic containing 75 weight 0/6 MgFe2 O4 , melting at 16700. A triple eutectic

formed by the MgSiO3 , Fe 2 0 3 and SiO2 fields, melts at 13400.

Forsterite Mg 2 SiO4 reacts with hematite Fe 2 0 3 at temperatures over

10000, with formation of MgSiO3 and MgFe2 O4 . As a result of triangulation

of the system, it was shown that MgFe20 4 coexists with MgSiO 3 and Mg 2 SiO4

and Fe 2 0 3 with MgSiO3 .

Coes [3j, under high pressure conditions, obtained a garnet unknown

in nature, kokharite Mg 3Fe 2 (SiO4 ) 3 "

Koltermann [41 has studied thermal decomposition of olivines contain-

ing 11, 34 and 53 weight To Fe 2 SiO 4 and 89, 66 and 47 weight 76, respectively,

Mg2 SiO4 .

At 8200, oxidation of divalent iron to trivalent takes r.ace. The silica

(_)freed in this case is X-ray-amorphous at this temperature. At elevated

temperatures, part of it is transformed into cristobalite (10800), and part

reacts with Mg 2 SiO4 , forming enstatite. These reactions take place simul-

taneously and rapidly. With heating for many hours at 1100%, Fe30 4 is formed.

Mg 2 SiO4 , cristobalite, MgSiO3 , F030 4 and residual Fe 2 0 3 are found at 1200*

by X-ray radiography.

BIBLIOGRAPHY
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PbO -- Fe 2 O3 -- Si0 2

The system has been studied by Glasser [1], in the subsolidus region.

Annealings were carried out at 650-700°. Besides the known ternary compound

melanotekite 2PbO" Fe 2 03" 2SiO2 , phase X was obtained, with a probable

composition 12PbO. Fe 2 0 3 ' 2SiO2 (Fig. 321). At 6500, melanotekite coexists

( ) with the following phases: alamosite (PbSiO3 ), quartz, hematite (Fe 2 0 3),

magnetoplumbite (PbO. 6Fe2 0 3 ) and plumboferrite (PbO" Fe 2 03 ).

) 1. 1

21 2.03)'g

4:1 12 t6 e

Fig. 321. Coexisting phase triangles of PbO --

Fe20 3 -- SiO2 system at 6500 (from Glasser):
A. alamosite; B. hematite; C. litharge; D. quartz;
E. Magnetoplumbite; F. melanotekite; G. plumbo-
ferrite.

Key: a. Mole %
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Melanotekite has the following rhombic unit cell parameters: a 6.97,

b 11. 0, c =9. 93 A. Melanotekite i s isostructural with kentrolite (2PbO'

'V Mn 2 03 2SiO2 1

The new compound i2PbO" Fe 2 03" 2SiO2 with a density of 8. 1 g/cm 3

is slightly ferromagnetic. Upon heating to 740, no signs of melzing were

found. Prolonged roasting at 7000 does not lead to noticeable loss in weight,

and it can be considered that there are no compounds of higher valence lead

or iron in the compound being discussed.

BIBLIOGRAPHY

1. Glasser, F.P., Amer. Mineralogist 52, 7-8, 1085, 1967.A )

CoO -- Fe 3 04 -- SiO2

The system has been studied by Masse and Muan [ 1-41, by the quench-

ing method. The liquidus surface is presented 3n Fig. 322. There are two

triple isobaric invariant points in the system: point a, with a temperature of

1328 4" 5* and composition 58 weight % CoO, 16 weight % Fe 3O 4 and 26 weight

% SiO2 , and point b, with a temperature of 1313 ± 50 and composition 55

weight % CoO, 14 weight % Fe30 4 and 31 weight % SiO2 . The maximum on

the silica -- spinel curve corresponds to a temperature of 1483 ± 5', aid it

has the composition 15 weight To CoO, 63 weight % Fe 3 0 4 and 22 weiý,ht o

SiO2 .

The coexisting phase triangles are presented in Fig. 323. Points c

and d indicate the compositions of spinel solid solutior.s occurring in equilibrium

with liquids b and a, respectively, and point e, the composition of crystals of

the (Co, Fe)O solid solution, occurring in equilibrium with liquid a.
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Key:
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e. Olivine
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Fig. 323. Coexisting phase
triangles of CoO -- Fe-304--

S;.J SiO2 system (from Masse and

Muan).
Key:

f. Silica
g. Spinel
h. Olivine
i. Weight 0/
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SYSTEMS CONTAINING F,.UORINE

Na2 0 -- Naf -- SiO2

The partial profile NaF -- Na2 SiO3 has been studied by Booth and

Starrs [1]. Booth, Starrs and Bahnsen [2] found only a binary eutectic l.n. the

Na 2 Si2 5 -- NaF system, corresponding 1.3 a temperature of 7S7* and a NaF

content of 39.5 mole % (Fig. 324).

NO
A *1.

00 0 W osoS0 20 4U 60 5 iO 2 5

Fig. 324. Phase diagram of

I, partial system Na2 Si2 0 5 - -

NaF (from Booth and Starrs).

Key:

a. Mole %
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Mg() - - MgF2 -- Si0

The system has been atudied by V'ajii and Eitel (2], 11inz and Kunth [3]

and MacCornick [4]. Phase separzation of the melts has been studied by

01'shanskiy [1). According to [2], as a result of soiid-phase reactions at

1200% fluororiorbergite 2MgO- SiO2 * MgF. and fluorc'chondrodite 2(2M&gO.

5iC2 ). MgF2 (Fig. 325) are produced easily and quIckly; fluoroclinohum.ite is

produced by prto~nged (42 hours) exposure of the samples. Hinz and Kunth

also havre cbtained only two compounds, fluoronorbergite anid fluorochondrodite.

d

oftecmetm. q 8

Fig. 32-J. Scemti digrr ofh~(, phaseD relaionhip

of Mgt)- MgF2 - SiO2 system (from Fujii and Eitel).

Key: a. UnreActed e. Cristobalite)b. Fcr3terite f, Clinoenstatite
c. Ch~ncdrod~i te g. Clinohumite 7
d. Norbergite hi. Weight 7/6

i. (mainly quartz)
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MacCo,-rmick [41 conducted tests in closed platinm- caprpules at 1109-1300.

SThe com poeitions w ere selected for t-,e purpose cf veri• yying &I* proposed

compatibility lines (Fig. 326). The plotted diagram of the ,e-.,xistag phase

triangles consisisof eleven partial triple systems, in which the existence in

synthetic preparations of all four fluorosilicate compounds was established:

fluoronorbergite, fluorochondroditeo fluorohumite (3Mg 2 3iO4 MgF 2 ) and

fluorocinohuxnite (4Mg 2 S1O 4 MgF 2 ). Fluorchumite and fluoroclinohumite

melt with decomposition; therefore, the number of partial triple systems for

the liquidus region will be different (less than eleven). Fluorohumite can be

synthesized at a temperature of about 11900 (no higher).

t agSzOesofMgF

*M )
A 'Sig VfgF2

4 V1017 %

Fig. 326. Coexisting phase

triangles of MgO - - MgF2 --

SiO 2 system (from MacCormick).

Key:

a. Mole % l
-Ol'hanskiy [I] has studied the equiiibrium of the immiscible liquids in

K, the system. The investigations were carried out in rivted molybdenum

crucibles (weighed batch 0. 03-0.06 g), in P. furnace with a molybdenum heater. 41
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Zvr~poration of the SiF 4 formed by the reaction of the metal fluorides and SiO2

practically did not take place from such crucibles. The presence of two liquid

phases was determined microscopically in immersion preparations. Low-

refraction glass (liquid rich in SiO2 ), with round inclusions of the second liquid

scattered in it usually was observed in the preparations; sometimes, formation

of two layers, separated by a meniscus boundary, took place in the crucible.

Key:

20 5 0

Fi. 32.n e go ofiqulibid o

otwo liquid phases in the MgF -- MgO

~~~~~SiO2 system (fro shwCnFg 2; the op ncrlskdeignt smle onan

ing to iuids and T wo s lidqoness peswtonliud Th ideof--

c. 0Weightj 2
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CaO -- CaF2 -- SiO,

Karandeyev [2] and then Baak and Olander [7] have studied the partial

system CaO SiO2 -- CaF 2 (Fig. 328). Eitel [10] has studied the partial triple

SJ system CaO -- CaF 2 -- 2CaO. SiO2 . Lapin [4] refined the data of Eitel. One

ternary compound 3CaO. CaF2 " 2SiO2 , corresponding to the natuiral mineral

cuspidine, has been established.

_ &MOO

0 25 50 75 too

Fig. 328. Phase diagram of pvrtial

system CaSiO3 -- CaF2 (from

Karandeyev .. dashed lines and from

Baak and Olander in solid lines).
Key:

a. Mole A
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According to McCaughey and~ colleagues [13], cuspidine me]1L.- with de-

O composition. Brisi [9] indicates that cuspicdine melts congruently a little abo" a

1400 andhas desityof 305Si cm

-to

-'i
lee xLIIR.

"4 Iem' Cz '

in Ca -- aF -- CaO2 SiD

20 4) syste0

(from Yershova and 01' shanskiy).

Key:

a. Two liquids

c. Weight Jo

Separation of the liquid phases has been studied by Yershciva arec

01shanskiy [1]. The -eppion of two liquid phases in the CaQ -- CaF9 -

SO(i4 ) system is shown in Fig. 329. In connection with formation of tk~

SiO2 -rich liquid phase containing SiF4 (appearing as a conseq,,s-v~i of the

reaction SiO2 +- 2CaF2 -S iF4 +- 2CaQ), the system is shown as reciprmcal.

Mukerji (14], using hermetically sealed platinum tubes, has studied the

II
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V 1V
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) 0 0 40 60

-2570* aimac% SOi3

Fig. 330. Phase diagram of partial system CaO -- i
CaF 2 -- 2CaO" SiO2 (from Mukerj!).

Key: I
(" •. a. Weight Jo:•

(- ii

% CaO, 46 weight % 2CaO. SiO2 and 44 weight % CaF 2 ; E 2 (1100%), 31 weight

% CaO,3 3.5 w eight . 2CaO" SiO2 and 35. 5 weight % CaF 2 . In the presence of I
a fluoride melt, tricalcium silicate can exist stably at 11040, while pure j
Ca 3 SiO is stable only above 13000. Mukerji plot~ed a complete phase diagram

of the CaO -- CaF2 . Sia 2 system (Fig. 331). 1
Gutt and Osborne (1.11 have studied the partial profile 2CaO. SiO0 - -

CaF., using sealed platinum tubes. TIe phases were determined on. quenched

samples, by means of dif'erent~al thermal analysis. A new compound was
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-.1570" e.8u Y. 019*

Fig. 331. Phase diagram of CaO -- CaF2- SiO2

Ca0i2 2

system (from Mukerji).

Key:

a. Two liquids d. Rankinite
b. Silica e. Weight %/6
c. Pseudowollastonite

i omposition (2CaO" Si (an analog of calcio-

chondrodite), with an average index of reiraction of 1. 60, biaxial negative

3

Scrystals ano a density of 2.91 glcm3. which decomposes at 1040* intoc(2CaO.

MaO 2 and CaF2 (Fig. 332).
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) Fig. 332. Phase diagram of partial

system 2CaO. SiO2 -- CaF 2 (from

Gutt and Osborne).

Key:

Weight %

)_ Later, 'att and Osborne [121 obtained a new calcium silicofluoride,

with the composition (3CaO S-O 2 )3 CaF2 , for which the appropriate mixtures

were heated in a sealed platinum tube for a period of 30 min at 1300%, and

then 7 days at 11300. The crystals are greenish, negative, N.v 1. 690,

2V < 150.

The compound (3CaO. SiO2 )3 CaF2 is unstable below 11300, and it dis-

sociates, depending on temperature, into 2CaO- SIiO 2 , CaO and CaF2 or

(2CaO. SiO2 )2- CaF2 and a small amount of CaF2 . The new silicofLuoride

melts incongruently, forming 3CaO. SiO2 and liquid.
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Akaiwa and colleagues [61, describing the compound llCaO. 4SiO2 CaF2 ,

whicb they obtained, apparently, as Gutt and Osborne confirm, was the corrpound

(3CaO. SiCO2)3 " CaF2 .

* Judging from the similarity of, the X-ray photos, Bereczky [8) obtained

both calcium silicofluorides described, but he did not give their composi-

tions.

The eutectic of dicalcium silicate and CaF 2 , according to Gutt and

Osborne, contains 49.2 weight % of the latter, and it melts at 11100. A two-

phase region exists in the 1040-1110* temperature range: 2CaO. SiO2 and

CaF2 . Incorporation of fluorine ion into the Ca 2 SiO4 lattice was not detected.

CRYSTALLOOPTICAL CHARACTERISTICS OF NATURAL AND
SLAG CUSPIDINE

_-urmna.l -. . . .noiumnunan)ra6mve f.. . . . . .. (onsiuewmuo Amnoilo, hKMOIHRnen0na nsoRMa
no (100). notCmUoD- no (too),UpOiCTOUnaou-
tUICCaeO Do 1IbOMM JIMUCMHINTWN"3W

Kooptnart AsDOmno-
noro osa 't. ...... ..- Ng=6*, Nm=90°, Ng--6, Nm=90,

Np=84o xp-lAo
J Onw'aecna. opUawnpomm Y=b, ZAc=5.5° ZAc=G6

2Vo (+) ....... 630
.. . . . . .jecumav no (001) 1WaW,..nar U UPNMaN-

NI ......... . . .. .. 602 1.605 -0.0O02
Nm ..... ......... 1.595 1.595 I-0.Gr",
Np 1.590 1.5- +:o.00.2

g- Np . . . . . . . 0.012 (,.010) 0.013

Key: a. Crys. aglographic and h. Spear-baped twins along
o~ticai properties ((OO), simple and polysynthetic

b. Natural cuspidine i. Twinni-ig junction coordinates
c. Slaj cuspidine j. Optical orientation V (2V 1
d. System k. Cleavage
e. Monoclinic 1. Definite along (00g)[,f. App3arance 1. Basal and prisnat(ic
g. Spear-shaped tWins

along (100), polvysynthetic
along third pinacoid
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Lapin [3], studying cuspidinefrom electric welding slag, introduces the

crystallooptical characteristics of natural and slag cuspidine (see table), which

subsequently were confirmed by Van Valkenburg and Rynders [15]. Smirnova,

Rumanova and Belov [5] gave a detailed interpretation of the structure of

cuspidine. The monoclinic-prismatic crystals of cuspidine, with space group

P2/C' have unit cellparametersa= 7.55, b 10.43, c 10.85 A, - 69-561,

Z =-4.
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SrO -- SrF2 -- Si0 2

Yershova and Ql'shanskiy [1, 2] have studied the phase separation of the

liquid phases in the system (Fig. 333). For point A at 14950, a separation

into two layers was obtained; the lower limit of existence of the two liquid

phases of this composition has a temperature of 14800.

.'0P P7

Sr0~ 40 en~ 0 SrO

Fig. 333. Region of equilibrium

(phase separation) of two liquid

phases in SrO -- SrF2 -- Si0 2

system (from Yerbhova and
Ollshanskiy).

Key:

a. Two liquids
b. One liquid
c. Weight %
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BaO -- BaF 2 -- Sio 2

O. The region of equilibrium of two liquid phases in the system, according

to Yershova and Ol' shanskiy [1, 2],is shown in Fig. 334. In the binary system

BaO -- SiO20 formation of two immiscible liquids was not observed, but the

liquidus curve has a characteristic break, indicating a "tendency" of the melt

towards phase separation. The lower temperature limits of the phase separa-

tion regions in four profiles: profile I (composition 5) - 15500; profile II

(composition 2) - 14400; profile III (composition 2) •- 14400; profile IV

(composition 1),- 15750. The upper temperature limits of the phase separation:

profile I (composition 5),- 15750; profile IV (composition 1)-- 16150.

(.01

40 , 54 6
.0 l 0 I -.

6 0 &, 0 8o0

Bar, So0 4Y 60 80 Sao

Fig. 334. Region of equilibrium (phase separation)

of two liquid phases in BaO -- BaF 2 -_- SiC system

(from Yershova and 01'shanskiy): I-IV. profiles;

1-6. number of compositions studied.

Key:

a. Two liquids
b. One liquid
c. Weight %
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Q Sip,

au ']at

RUF2  Hel

Fig. 335. Region of equilibrium of
two liquid phases in fluorosilicate
systems of alkali earth metals
(from jrershova and O'shanskiy).

4 Key:

a. Two liquids
b. One liquid
c. Mole %

Data on the regions of equilibrium of two liquid phases in fluorosilicate

() systems of alkali earth metals, according to the data of Yershova and

01shanskiy [1, 2], are reported in Fig. 335. Just as for normal silicate

systems, the region of two liquid phases in fluosilicate systems of alkali earth

metals decreases with increase in cation radius.
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Al 2 03 _ Na 3 AlF 6 . SiO2

Isothermal profiles at 1010 and 8000 have been studied by Weil and Fyfe

[1], and they are presentcd in Fig. 336. The invariant point contains 69 weight

% SiO2 and 14 weight % A1.0 3 at 10100 and 50 weight % SiO2 and 17 weight %

A12 0 3 at 800% Phase separation of the liquids (liquation) was not observed

in the temperature range studied.

20 I t ti o

40

fIV 2# 8U 1

k40f Z2 80A S ALZCj AbAiFS J 40 617 49 4ICj
e &- 46.- 7,

Fig. 336 Isothermal section of Na lF__ l6
SiO2 system (fro•m Weil and Fyfe): a. 110°; b. 8000;
C. corundum; CR. cryolite; .. quartz; T. tridymite.

Key:

c. Weight %

Cryolite is encoantered L:- two moxdificatj-rs- IZ", low-temperature

and (, high-temperature. The • • " transitien is rapid ancd, therefore,

the • form is not successfully recorded in quenched samples.
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MeF 2 -A-1203 -- SLO 2 (Me , Mg, Ca, Sr, Ba)

Inasmuch as fluosilicate systems simulate aqueous silicate systems to

a great extent, the study of liquation phenomena in the former is of interest

fr knowledge of liquation in natural magmas.

Yershova [1) has studied the equilibrium of two immiscible liquid phases

in the MgF2 -- A120 3 -- S'02, CaF 2 -- A12O3 - - Si0, SrF2 -- A12 0 3 -- SiO2

and BaF2 -- Al 2 0 3 -- SiO2 systems.

SiO2

j 2

80

"4.

k~jF2  X5 4 60 a0 AI3OJ
Cfta- %

Fig. 337. Region of equilibrium of two liquid phases

in MgF 2 - Al 2 -.- SiO2 system (from Yershova):

Open circles, two liquids according to [1]; solid

circles, one .:quid according to [ 1]; open triangles,

two liquids according to [21; solid, one liquid accord-

ing to [2]; dashed lines are tie lines.

Key:

a Two liquids
b. One liquid
c. Mole %
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The region of equilibrium of two liquid phases in the MgF2  A10-

Sic)2 system is shown in Fig. 337. The boundary of the phase se?aration region

in the limited gF -Sic) 2 system is plotted from [2). At three limiting I
points, 4 (1), 2 (11) and 3 (111), the lower temperature limits of ph~ase separation

have been established: e'- 1415, 1385 and 14850, respectively. An increase in

temperature for 2 (HI) from 1385 to 14750 and for 4 (1) from 1415 to 14900,

did not lead to closing the immiscibility dome.

CM) 80 10

Fig. 338. Region of equilibrium ofI
§two liquid phases in CaF 2 - - Al 2 0 3 - -

5102 system (from Yershova): designa-

tions same as in Fig. 337.

[Key: Same as in Fig. 337].

The region of equilibrium of two liquids in the CaP2 - Al 03  i)2 2 3 SL0
system is shown in Fig. 338. The boundary of the region of phase separation

in the CaP2 - Sic)2 system is given according to [2]. The, weight ratios of
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the liquids: for composition 4 (I), 30% liquid enriched in SiO 2 4- 70% liquid

depleted of SiO2 ; for composition 1 (1W), 50% liquid enriched in S10 2 + 50%

liquid depleted in SiO2. The position of the critical point K was dete-'mined

from this: its position, according to microscope data, apparently is still

further from the SiO2 apex than is shown in Fig. 338. A similar point K in

the MgF2 -- Al 2 0 3 -- SiO2 system (Fig. 337) occurs considerably closer to

the SiO 2 apex. For limiting point 2 (1), the lower temperature limit of forma-

tion of two liquid phases is - 13800.

Sig:

(9 20 / 80

14- 40
3 z

b41

(3

Sr, 20 40 CO 83 4120,C,,M,'n % •

Fig. 339. Region of equilibrium of two
liquid phases in the SrF2 -- A12 03 -- SiO 2

system (from Yezshova): designations same

as in Fig. 337. [Key: Same as in Fig. 337].

The region of equilibrium of two liquid phases in the SrF2 -- A12 0 3 --

SiO 2 system is presented in Fig. 339 and, for the BaF 2 -- A12 0 3 -- SiO 2

system, in Fig. 340. The boundaries of the phase separation regions for the

SrF2 -- SiO2 and BaF 2 -- SiO2 systems are given according to (2].
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80 2

-i t

Baf2 Zo7 0 P60 eo AN:%

Fig. 340. Region of equilibrium of two

liquid phases in BaF2 -- A12 0 3 -- SiO2

system (from Yershova): designations

same as in Fig. 337. [Key: Same as in I
Fig. 337].

A12 -- A1 203  Ioaf
KjSrF

K3, citicl poits i MgF2 - I0 -SOCF -,

SLO, 20 40 60 80 MeF2
OL Alon %f

Fig. 341. Region of equilibrium of two liquid phases in

MeF2 -- Al 03 -- SiO2 systems (from Yershova): K-

K 3 , critical points in Mg?,2 - - A12 0 3 -- S'O 2 1 CaF 2 --

A12 03 -- SiO2 and SrF2 -- A12 0 3 -- SiO2 systems,

respectively; boundaries of regions of two liquid phases

in MgO -- A1203 -- Si0 2 and CaO -- A120 3 -- Si0 2
systems also are shown, from data, f Grieg (dashed lines).

Key: a. Mole To
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Data characterizing the regions of immiscibility of the four systems

presented above and, for comparison, according to Grieg [3], for the MgO -- K
A120 3 -- SiO2 and CaO -- A12 0 3 -- SiO2 systems, are reported in Fig. 341. K
The width of the phase separation regions, just as in MeO -- MeF 2 -- SiO2

systems, where Me = Mg, Ca, Sr aud Ba (see description of these systems),

decreases with increase in the ratio of the cation radius to valence.

The presence of A12 0 3 considerably decreases the region of equilibrium

of two liquid phases from that in the MeF 2 -- MeO -- SiOc systems, but,

nevertheless, they are broader than in the MeO -- A12 0 3 -- SiO2 systems

studied by Grieg [3].
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Me'F 2 -- Me'F -- Si0 2 (Me" = Ca, Mg, Sr, Ba and Me' - Na, K)

Study of the equilibrium of two immiscible liquids in fluorosilicate systems

containing alkali metals,,like the analogs in similar aqueous silicate systems,

are of importance for study of liquation phenomena in natural magmas.

Yershova and Ol'shanskiy [2] have studied the equilibrium of two liquid

phases in 13 fluorosilicate systems containing alkali metals.
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2oz• • 0 80 t•

60

801 ,e nm V

Ca Fz 2V0 , 60 80 kj

Fig. SJ42. Region of equilibrium of two

lqtuid phases in CaF 2 -- NaO -- SiO2

system (from Yershova and Ol'shanskiy):

Open circles, two liquids; solid circles,

one liquid; roman numbers, profiles;

arabic numbers, numbers of the co~nposi-

tion 3 studied.

Key:

a. Two liquids.
SOne liquid
c. Weight %

The regior of equilibrium of two liquid phases in the CaF 2 -- Na 2O --

SiO2 sys' 'rn is shown in Fig. 342. It was plotted from data of three profiles

passing through the points: I. 56. 5 weight Jo CaF2 + 43. 5 weight % (SiO2 --

Na 2 Si 2 0 5 ); II. 79.2 weight % CaF 2 + 20.8 wzight To (SiO,, -- Na 2 Si 2 O5 ); II.

30.2 weight Jo CaF 2 + 69.8 weight % (SiO2 -- Na2Si20 5) (the charge, besides

CaF 2 and SiO2 , included glass of the composi' n Na 2 Si2 Os). The following

approximate lower temperature limits of formation of two liquids were deter-

mined for three points: 5 (I) 1440°, 4 (II) 14500% 3 (III) 1440%. The indices of

refraction of SiO2 -rich glasses fluctuated between 1. 444 and 1. 451.
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! The presence of Na 2 O sharply decreases the phase separation region

(Fig. 342) from that in the CaF 2 -- CaO -- SiO, and CaF 2 -- A12 0 3 -- SiO 2

systems, However, the region of immiscible liquids in the CaF 2 -- Na 2O --

SiO2 system occupieL an area w'-ich is greater than the corresponding area

in the CaO -- Na 2 0 -- Sio2 oxide system studied by Grieg [1].

2 2J

6 4

J I•
CazF2  ;0 40 6n f G NWF

Bere. %

'U Fig. 343. Region of equ'librium of two

liquid phases in the CaF 2 -- NaF

SiO2 system (fronm Yershova and 01'shanskiy):

designations same as in Fig. 342. [Key:

same as in Fig. 342.4

The regions of equilibrium of two liquid phases in the CaF 2 -- NaF --

SiO2 and MgF 2 -- NaF - - SiO2 systerm are presented in Figs. 343 and 344.
respectively.

The lower temperature limits of the two liquid phases f:rmed in the CaF 2 --

NaF -. SiO2 system were determined for boundary points (Fig. 343) 6 (I). 1290,

and 5 (i1), 1260% and the upper limits, 5 (I), 1400% and 5 (II), 1330*.
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sf0
294 j

ScF a? 40\ NO

Fig. 344. Region of equilibrium of

two liquid phases in MgF 2 -- NaF --

SiO2 system (from Yershova and

Ol'shanskiy): designatiins same as

in Fig. 342. [Key: same as in Fig.

-3--42.

For the MgF 2 -- NaF -- S'0 2 system, the corresponding data for points

7 (I) (Fig. 344) are the lower limits 1280, upper 1320*. The indices oif re-

fraction of the SiO2 -rich glasses ir the CaF 2 -- NaF -- SiO2 system are from

1.444 to 1.451 and, in the MgF. - NaF -- SiO2 system, from 1.437 to 1.451.

-523 -



O*

gin.

77ig. 345. Region of eqtuiltbrium of two

::• ~~liquid phases in MgF2 -- S'0- •2
• ~~systenm (from Yershova t-nd Ol'shanskiy): ,_-

S~designations same as in Fig. 342. [Key:

Si ~same as in F ig. 342.

-69

C) JiG,

IIV

-Fig. 346. Region of equilibrium of two
liquid phases in -aJ2 -- KF -- SiO2
system (from Yersho-a and Ol'shanskiy):

designations same as in Fig. 342. [Key:
same as in Fig. 342,1
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The regions of equilibrium of two liquid phases for the MgF 2 -- KF --

SiO2 and CaF 2 -- KF -- SiO2 systems are asown in Figs. 345 and 346,

respectively. The lower temperature Amit in the CaF 2 -- KF - - SiO2 system

is-- 1265*.

•,, sic'

)S as
it,

Fig. 347. Regicmn of equilibrium of two
liquid puases in SrF2 -- NaF -- SiO2

system (from Yar.rshova nx~d Ol'a&anskiy):
designations same as in Fig, 342. [Key:

same as in Fig. 342. ]

T-,e boundia. es of Lhe phase,. separation regions in the SrF2 -- NaF --

SiO2 and -aF2 -- Nai? -- SiO 2 3ystems are plotted in Figs. 347 and 348,

r•Žpectivel-j. At. boundary points I (I) in the SrF2 -- NaF -- SiO2 system

and 4 (04 in the BaF 2 -- NaF -- SiO2 system, the temperature limits have

been established, with the upper one of them in the BaF 2 -- NaF -- SiO2

system detorrmiired for composition 3 (I): the lower temperature ].•mtis --
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44'

0 50.

0 a 41

1') Fig. 348. Region of equilibrium of two

liquid phases in BaF2 -- NalE - - SiO2

system (from Yershova and Ol'shanskiy):

designaticns same as in Fig. 342. [Key:

aame as in Fi.7. 342. 3

1 (") 1260°, 4 (1) 1250*; upper -- 1 (IJ - 13i5°, 4 (t) "- 13100. The indices

of refractior. oi the SiO- rich glasses in the SrF2 - - F -- SiO2 system are

from 1.43 1 to 1. 446 and, in the BaF2 -- NaF -- SiO2 system, from 1. 444 to

1.451. K
The regionwidth of 2 liquid phases depends on the radius and charge of the

cation. In all systems of th- MeF 2 -- MeO - - SiO2 , MeF 2 -- A] 2 0 3 -- SiO2

and Me"F 2 -- Me 2 F 2 -- SiO2 types, the region of immiscibility of the liquids

decreases with decrease in the ratio of the cation radius to valence [2, 31.
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SYSTEMS CONTAINIG SULFIDES

MgO -- MgS -- SiO2

•J Ol'shanskiy [1) has studied the phase separation region in this system,

and he has compiled the diagram depicted in Fig. 349. As in the CaO -- CaS -

SiO 2 system, the boundary of the region next to MgS - - SiO2 could not be

determined experimentally, and it is indicated by the dashed lines, on the basis

of a number of considerations reported in work [1].

0*

stoz

Fig. 349. Phase separation region in MgS MgO
: -: Si02 system (from Ol'shanskiy): thick line, continued0'aswith dashes, phase separation boundary at 1800*; thin

,iOdashed ssee, cotn ectural boundary of equilibrium region

200

•,of two liquids SiO2 at 1700° [Key: same as in Fig.
342. ]
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CaO -- CaS -- SiO2

?0' -ihanskdy [1 has determined the phase separation region in the system

(Fig. 350).

g .,

Fig. 350. Pz-•e sep;kration -egion in

) C9 -- CaO -- SiO2 syster (f ro a

01' "hanskiy) designations earne as in
Fig. 349. (Key: same as iv Fig. 342.

Spheric:al inclusions of strongly refracting 0-ass, usual"y partiall, crystal-

lized, in low-refra,.4on ýN = 1. 468 -- 1.476), almost pi,-e silica glass, were

observed under tha -icrocc~pe,
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[1rvtcedings, 4th CozRt-'Pnce on Exp.;rimental Mineralogy and Fetrography),
1st Ed., A.1 SSSIx Prcss, Moscow, 1951, p. 55.
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FeS -- FeO -- SiO2

The FeS -- FeO -- SiO 2 or pyrrhotine -- wfistite -- SiO2 system is not

Os) strictly speaking ternary, since wustite and pyrrhotine are phases of variable

composition. The Fe content in them usually if lower than in the formnulas

presented (< 1). The pseudoternary FeS -- FeO -- SiO2 system has been

partially studied by Ol'shanskiy [1). On the f~sis of his own and literature

data, he has plotted a diagram (Fig. S"II), in wtdch the boindary of the FeS --

SiO2 system is characterized by practically complete immiscibility of the

FeS and SiO2 componento in the liquid steae at the melting temperature of

cristobalite. The second boundary of tue pyrrhotine (FeS) -- w•istite (FeO)

system is a pseudvbinary, and its piincipal features can be understood only

by examination of the Fe -- FeS -- FeO ternary system. A section of this I
Striple diagram passing through the wistite-pyrrhotine points does not inter-

st-t the region of heterogeneous equilibrium of the two liquid phases anywhere.

I ~Therelore, by depicting the FeS -- FeO syst.em as a binary one, we obtain a I•

()fusibility diagram characterizing a simple eutectic.

The double elevation points and ternary eutectics determined by OP1shansliy i

[2], are depicted separately in the upper part of Fig. 351. The triple eutectic

temperature, dependi.ig on composition of the wustite part'cipating in the

equilibrium, has different values, from 920 to 10000. The temperature of

9200 corresponds to an equilibrium with w{istite saturated with iron (23.2%16

oxygen) and 10000, to wilstite containing the greatest amount (24. 676) of oxygen.
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TA 7

S")Fig. 351. Phase diagram of FeS -- VeO -- SiO 2
Usystem (from O'shanskiy): I, SiO + iquid;

U. Fayalite + liquid; III. Wastite + liquid; i.

IVPyrrhotine- liquid; V. SiO• + two liquids, .

Key: '-
a. 1 ''wo Liquids

b. P•:;yrhotl•ne
c. Wu~tite,
d. Weight • •
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INVARIANT POINTS OF FeS -- SeO -- SiO2 SYSTEM

dcocral;, sce. rim
lie Ft FO 9101 -J

Fes

R Fi0 + FoO + e + Fg + r.anA 9SaTenntta 65 35 < 1 920

D FISiON + FoS + S102 + amA+ hjToqca Asof- 70 30 < I 10.)
NOMuoc noro noAueMa

Key:

a. Points (Fig. 351) e. Temperature, OC
b. Phases f. Liquid
c. Process g. Eutectic
d. Composition, weight % h. Double elevation point

BIBLIOGRAPHY

i. Ol'shanskty, Ya, I., DAN SSSR, 59, 3, 1948, p. 513.

. &iha•ns1-iy, Ya.I., DAN SSSR, 7IC 2, 1950, p. 245.
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j SYSTEMS CONTAUNING WATER~

Na 2 0 - - S'0 2 -- H 2 0

K) 'The systemn ha.z been studi(4 by. OFker andTJ'e 12j, at temper,-Aures of

10 and 310 (Fig. 352), ond by Faker, Jue --ncl Willis [3j, at .,.zratu~res o;

50, 763 and 930 (Fig. 3.53). Murey and kiesselgeF;5er 17] hatve studiedI the

equilibr-ium satur&atio.ý ourve..;- of SRO 2 Na C/- b..O2 and Na.-O*2SiO2 in water

solutions at 40J0. The phii.se relationships in 4Ae syF'tem, at temperatures of

~ 1(9

250, 300 and 3500, have been studied by Tuttle and Friedmi~an [11] (Fig. 354), /

and at 400 and 450% by Friedman [4] (Figs. 359, 356). TtAttle Ptnd. Fieiknan

have reported thiat, at 250,the compounds sodium di silicate -water does notC

form a binary system, since the field of two immiscible liquids intersects theI

line connecting 2Na 0- SiO. and H 0. The results of Tuttle and Friedman do

2 24

not agree with the data of bee rey and Hesselgesser [71 (Fig. 357). In the 1*
opinion of Rowe and colleagues [9], the stsndies of Morey and HesselgEste•r

"are incomplete and unfinished.
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400

40 64$O4 S~

%~ SIo,

Fig. 352. Diagram ,)f phaec relationships of NaO 0

Sio 2 -- H Eystem (from Baker and Jue): a. 100;1
b. 31.

Rowe, Fournier and Morey (91, studying the interrelationships of the

phaes N 0-3SO2- 11H0,Na 0. 3SiO * 6H 0, Na 0, 3SiOg OH0

Aschematic diagrarr of the portion of the NaO 0 -- Sio 2 - - 11 system

boudedby the Na 2 0- 2Si0 2 - - SiO2 - - H 20 triangle (in P-t coordinates), at

temperatures over 100%, according to Rowe, Fouraier arid MoreY [9], is

presented in Fig. 359.
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at0 . . .Z12 0 ,1 .

0 210 2 30 .• 5 50
If#, %

60 66

5o •,, z,,.o•

- •,'•~~ -:~ -- /e,• 3iz•

50 H0

6V "0 40 50 60

h- I ./

r - - 53

Co.I

Fig. 353. Diagram of phase relation!:vups of Na2 0 -

-iO -- H2 0 system (from Baker and colleaguesfY:
3L. 500; b. 700, c. 900; 1. isothermal invariant points;
2. theoretical composition; 3. boundary curves.
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#I]
it C B

Nazel Na

Nap

, ' /vz a- > J s4.o

> A- .\Coo/ VX"'pg. A C"•:""a"°500

N •e 0 %

CA0 A N4 Be. 60I s

•. 'Fig. 354. Diagram of phase relationsb';ps in Na2C --- SiD2 -

.•: ~H20 SYBI-em (from Tuttle and Triedrn-an): a. ?500; u. 3000;

•" ~c. 35U°. • "
SKey:

d. LV.quid
S~e. Quartz
S~f, Weigh, 016
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J~0 29AR * Sig:

Fig 355 Plybri saturation curves at 4009 ix' Na 2 0--

Key:

a. Liquid
b. Gas
c. Quartz(9 d. Weight Jo

Possible inva:-iant points in this system are represented by the authors

in the following form: 1. GQDLH 1 I 2. GQDLH6 3. GQDLK5 4. GQDH 1 1H6

5. GQH 1 1 H 5  6- ".;H H6 H 5 , 7. GQjIH1 1 H6 , 8. GQLH, H 5 , 9. QH6H5

10. GDLH1 1 H6  11. GDLIF1 1 H., 12. GDLH H5 13. GQH1 1 H H5 0

14. GDH1 1 H H5  15. GLH 1 H H~, 16. QDLH - H6 * 17. QDLH1 1 HSO 18. QDLH H5

19. GDH1 1 H H5 20. QLH1 1 H H5 0 21. DLH 1 H H~ (G is gas, Q is quartz,

D is Na 02-iMCI L is liquid, H is Na 0O35i0 2 - 111 0. H6 As NaC-3i2

810and H5 is Na 0. 3SiO2 - 5H 0). The compositions of those invariant

points which are designated in the figure correspond to &hose indicated above.
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Fig. 356. Polybaric saturation curves at 4500 in Na 2 0 --
-) b•O2 -- H2

0 system (from Fr"' .dman): a. Na 2 SiO3 + liquid

G-J; b. Na 2 SiO3 + gas J-H; '4a 2 SiO3 * gas H-K;

d. Na 2 SiO 3 + liquid K-F; e. .LL2 SiO 3 + Na 2 Si 2 05 + liquid F;

f. Na 9 Si 2 0 5 -. liquid L-F; g. Na 2 Si 2 0 5 4- gas L-B; h. Na 2 Si 2 0 5 +

liquid D + gas B; k. liquid C-D + gas A-B; 1. Na 2 Si20 5 +
liquid D-E; m. quartz + Na 2 Si2 0 5 1- liquid E; n. quartz + liquid

C-E; o. quartz + liquid C + gas A; p. quartz +- gas H2 0-A.

Key:

q. Weight ,

The system also has been studied by Morey [6], Morey and Irgenson [8]

and Witte and colleagues [12],

The characteristics of the hydrate phases of the system, sodium hydro-

silic.-tes, are presented in the table. For hydrosilicates of the compositions

Na 2 0- 2SiO2 . 3H 20, Na2 0. 3SiO2 5H 2 0, Na 2 0* 3SiO2 . 6H 20 and Na2 0. 3SiO2 .

Y 11H 20, date, characterizing their features were not obtained.
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14 NSZ O ZS f1OZ
~e I C""

1/0 ZO /,a 60 80 Sio,

Ojec '

Fig. 357. Isothermal polybaric

saturation curves at 4000 in Na 2 0 --

SiO2 -- H20 system (from Morey

and Hesselgesser). EIL1 , saturation

curve of quartz in liquid; GE 1 G1 , co-

existing satu.'ation curve; G1L 1SiO2 ,

three-phase triangle at pressure of

2500 bar; E 1 E2 and G 1G2 saturation

curves of Na 2 0. 2SiO2 with gas and

liquid with Na 2 0. 2SiO2 ; E 2 L 2 and GE

saturation curves of Na 2 0. SiOQ; 2

SG2 L2 Na2 0. SiO2 , three-phase triangle

at pressure of 2500 bar; G + M (0. 30),

equilibrium line between gas phase and

metasilicate at pressure of 2000 bar

and SiO2 :Na 2 0 ratio 0.3.

Key:

"a. Weight %

I
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0j " 0

r~azONa,V
&~ ON

d c . "-'}.•

in0 N 0 -O4-0 s t e (

5ie e 0 46 .0 5, aO

and Morey): a. 200°; b. 250*; c. 300°; tie thin lines

fix the limits of tl:e phase stability field; thick lines

are isotherrmal saturation curves; Q. quartz; D. sodium

disilicate; 1.i. sodium metasilicate; H1 I. sodium tri-

silicate hendecahydrate; H 5 . sodium trisilicate penta-

hydrate; H6 . sodium trisilicate hexahydrate.

Key:

d. Weight 76
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09 ~ ~ ~ ~ ~ p0 pato -a) -Si2-

' A

54

' 1

Fig. 359. Schematic, hypothetical P-t diagram

oX part of Na9O -- SiO2 - - H2 0 system, bounded

by H2 0 - - Na 9 Si2 0 5 - - SiO2 (from Rowe and

colleagues): see explanation in text.
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SODIUM HYDROSILICATE CHARACTERISTICS

.0

IC tpyiwypan~ fouy N NPN em, CiurounxL ih ,___I:b:c

"V 3asO • 2S1IO- I• HO NaIISiO,] • 5H.O 1.524 1.5"4 .510 - hposou cmaI 0I": t : 1.10

Ka0 f3- 11 1. IG 1.4651.3 I .M 0 It.4
KNa SO •S1: • 911.0 Na6[Hs1.- . 8H:0 1.160O 1.45 1.455 I .6X 0 0.692I :0.342 - 0- --

X (Xle NOAMPUIUMU)5 NaVI.Sio.] .511,0 1-.03 1.431 - - 1.92: 1: 1.073 - 10"9 -
X820 - S10, - ;51110 x8:1I1.8IO,] • 4H.O t.',r7 I./A7 1.4•5S 1.75 Tpwmt.um n 0.736: 1 : 0.9W1 1288' ?,8013' 11* YQy
Wit.O 8 910: ,. 8H0 - [H-SIO4j • 7110 1.467 1.457 1"40; 1.67 •Monoul.siullaI! 0.6": 1: 0.415 - fl1°37 --

I

Key:

a. Composition f. Diorthosilicate hendecahydrate
b. Structural forula g. Two modifications
c. Density, g/cm a h. Rhombic
d. Crystal system i. Monoclinic
e. Unit cell parameters j. Triclinic

Thilo and Miedreich [10] and Lange and Stakelberg [5] consider sodium

hydrosilicates to be acid salts of monosilicic acid.

BIBLIOGRAPHY

1. Thilo, E., G. Funk, E. -M. Vickman, in the collection Fizicheskaya
khimiya silikatov [Physical Chemistry of Sil.catea], Foreign Literature
Publishing House, Moscow, 1956, p. 5.

2. Baker, C.L., L.R. Jue, J. Pys. Colloid Chern., 54, 3, 301, 1950.
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5. Lange, H., M. Stakelberg, Zs. anorgan. W'tgern,. Chem. 256, 5-6, 273,
1948.
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6. Morey, G.W., J. A-mer. Ceram. Soc., 3 9, 279, 1953.

7. Morey, G.W., T. Hesselgesser. Aimer. J. Sci., Bowen vol.. 361, 1$52.

8. Morey, G.W.,. E. Irgenson, Anei. J. Sci., (5), 1 125, i9A8.

9. Rowe, J.J., R.O. Fournier, G.W. Morey, Iracrg. Chem., 6f 6, 1183, 1067.
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8. 414, 1968.

The systein hai; bet.Ln studied by ?-'ok:y !4) jFig. 360). Compounds of Uiae

system have been -yntheeized by Morey [3] and Fukall (5'. Later, Funk and

Stade [1) obtaine•i potaiium hydrosilicates of the following comporitions:

(KTi•IiO 3)x, K•'23i,0 (I) and KHSi20 5 (H). The Ruthors present X-ray photos

of these zibsý:Dtaes.

"POTA83"JiM *HYDROSILICATE CHARACTERISTIC(Z

V.0 PaxemCI Ng N~m NP ACb swu- ,,I- . I I

K20.'Sio~g . 1'20 , 1.50 (au"ca.) - POM6KqAac a
K4O. "'SiOt. it 0 K1 1iO-3  N c,,,,, 5 f -- ;-
21%2O.'0,- iT 2  iý . N .,' 1.50 - Poq6aeci iaqG

Ke3.

a. Coinfound e. Calculated
b. Structural forrqula f. Rhombic
c. Density, g/cma g. Monoclinic
d. Crystal 3ypt LI.
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S~n

i F-g. 360. Phase diagram of K•O 20 Si02 H H20

$i• Isystem, isothermal saturation curves for partial
system SiO2 - 20.SiO2 - (from Morey).

Key;

() a. Isobar
b. Atmcsphere, atm
c. Mole %1

!_ilmer [21 has studied the structure of K4 IHSiO3 )4 . The unit ceS para-

meters of this compound are a = 7.51, b = 11.25, c = 7.50 A, . = 100°;

";. I monoclinic crystal system.

"The characteristics of the compounds in the system studied are presented

irn the table.

" -- BIBLIOGRAPHIY
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"i. -7 44 -

lk5- - -- . . . .



3. Morey, G.W., Zs. anorgan. allgem. Chem. 86, 3, 314, 1914. J. Amer.
Chem. Soc., L9. 6, 1190, 1917.

(-) 4. Morey, G.W... J. Soc. Glass. Technol., 6_, Trans., 25, 1922.

5. Pukall, W., Ber. Dtsch. chem. Ges., 49 203, 405, 1916.

MgO -- SiO2 -- H2 0

The system has been studied thoroughly by Bowen and Tuttle [24] and

supplemented by D. Roy and R. Roy [55-57], Osbo-n [53, 58], Jang [38],

Ostrovskiy [17], Noll [52], Kitahara and Kennedy [44,45], Pistorius [54],

Kalousek [40], Yoder [10), and Butt and Rashk',vich [5-7].

, f1

4 0 ¢. 4, ON.
""N. I

0 v 8 P v 8 P v 8 b V 8 P
•,..,-~~~. ,.__.

,1oo 40 ,0 9 •,V,, 61ý 700 , A7 900 g"ON

-JO *C

~!

Fig. 361. P-t curves of monovariant equilibrium (I-V) .
of the MgO -- SiO2 -- H20 system (from Bowen and Tuttle):
B. brucite; E. enstatite; F. forsterite; P. periclase;

- ~Q. quartz; S. serpentine; T. tak.; U. water vapor.
Key:a. Pressure P, 1000pai c. Liquid

b. "Ground preasnre and d. Vaporteperature e. De3th, miles (densityft=2.7 g/cm

S45

-,,._ _ __ _ __ _ __S'•l•'i-' '`' "-•,'.'• 00 :6'"•. . . . . . .



Investigation of the equilibrium states in the system wac cai ried out by

Bowen and Tutl [24], at th ollowing wtrvportmeau n p.esrs

10L,,, 2040 kgf/cm2 ; 600-900%, 219kf r ; 600-300%, 2812 kg/c2;300-

100% , - 1400 kgf/cni. As a result, the monovariant equilibrium curves

have been plotted in P-t cocrdinates (Flig. 361). The equation for the reaction

to which the curves relate ia presented beside each curve. The triangular

diagrams ir~ the divariant regions between the curves show the equiliLrium
combinations of ohases at the corresponding pressures and temperatures. The

vapor tension curve is at the lower left of the figure and, at the upper left, the

curve of increase in temperature with depth of the rock (temperature gradient

3
I) 34, 2*/km, density of rock 2. 7 g/cm )

4.4400350 W-740"

Fig. 362. Coexisting phase triangles of MgO -- SiO2 H- 2 0

system (fron- D. Roy and R. Roy): T. tale; E. enstalite:

F. forsterite; S. serpentine, -3. brucite.

Coexisting phase triangles of the ivIO - - SiO 2 -- U 2 system, according

to D. Roy and R, R~oy [551, are presented ir, Fig. 362.

Yoider [10ihas refined the positionof the zhr~et-pl'a.e nyjnovaria.It --(Irve

Mg(O)H), 7z- MgO -r HO.

j QOs-rovskiy 1 17] ha~s 2urrelated experimental data of various authors,

and he has attempted to carry out an eztrapolatiob to the r egon of lower

-. -'-~ - -.-* .- ~.--0



M- 77-77-

tempel atures and pressures. The author intredaces three different P-t

diagrams of the MgO - -i S1 2 - - H 2 0 system, for the cases when the following

converge at one inva--i-tt point: 1. curves HI and HII (Fig. 363); 2. curves I

and V (Fig. 36'); 3. c~urv(ýs I and II (Fig. 365).

700-

see -T-F\

PI\

V Al
Sao-

ýReproduced fro
betaalal oy

B.buct; .esttte .fosert; .prils7='qurz;~i



500-V

T#F -3-E
/4 ? 9: -4~ ------ P

200
r"1(~w

Fig. 364. P-t diagram of MgO -- SiO., H -H0 system:

Curves I and V converge at one invariant point (from

Ostrovskiy): designations samne as in Fig. 363.

Key:

a. P, kgf/cm 2
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500-

300 l' t4
. 4~ P rc~

Fig. 365 P-t diaraofMG-SO 2 -H0syt:

a., P, kgIcnf

Fig.365.P-tdiagam o Mg -- iO 2H 20 sytem
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Some proper-ces of hydratea and anhydro%.s magnesium compounds,

formed as equilibrium phases in t.he MgO -- SiO2 -- H20 system, as well as

of those magnesium hydrosihcates wnich are encountered in nature cr are
iormed synthetica1-y as metastable produ,4 ts, are presented in thtý table.

Bowen and Tuttle consider that stuch a phase as attapulgite is a metastable

phase, formed by decomposition of talc.

A number cf" investigators have studied the process of dehydration of

magnesiumr hydrosilicates [2,7, 16, 15-21, 25, 27, 31, 34, 37, 43, 48, 51,

Many studies have been devoted tc synthesis of magnesium hydrosilicates

( ) [5-11 , 14, 15, 24, 29. 36-38, 4(;, 52, 59, 64, 67].

Study of the equilibria in the three-component system would be incomplete

without data on the two-component system MgO -- H20.

MgO -- H2 0. The MgO -- H20 system has beer. studied by many

authors, who have obtaired nornru;rciding results, mainly as a consequence of

failure to observe identity of experimental conditors.

Equilibrium cur-es of the reaction MgdGi-D2 * MgO + H20, according

to the data of various investigators, are presented in Fig. 366. As is evident

from the curve, the MgiOH, 2 - MgO 4 H2 0 equilibrium curve (curve 2) ob-

tained by Bowen and TuLtle [24] differs considerably from the group of aqui-

librium curves in the :"eft portion of the figire, Equilibrium curves 1, 4 and 6,

obtained by Korzhinskiy [12], MacDonald [47] and Kennedy [42], respectively,

agree well wiLh cne another. Equilibrium curve 4 was obtained by MacDonald

by calcul,-ion. Ma,'Donald thecr.tically calculated free energy for the re

4 actions whicL cox respend to curves 4 (eqAilibrium between natural brucite and

55- C- l



T I I
CHARACTERISTICS OF PHASES OF M?50 - - SiO-- H 0 SYSTEM

(scurr- flrao~: U MCI - 7 -

D..3IgSIO: (XK.31aocranryq 1Jfptcrd.t:qecacuc mr- 3.19 1.60 s.c54 1.651 S.618 :.82 5.s 1% 8o oO~Iua

lotiaru n4, flctne3O p- 1TM e o

I I
MIg(O03 (GPyarrUU)J pCNrODUaRbMe Fj)-- OTIIC 1.5 O 1.5593.125 8.rik 5.3 - ecToflL1.-vte

S13O, Mnpu) k hpa 2.65 1.55 L I154 COWt~ 5.393 - - UIRM11

McO (neprnxaa) NOW!~6. oh~a3APU T- 3.58 N =1.73G 4..203 kX - - -~ weia

UMaSI.OU(OH)' (Tam4:)W JA IemyfIrm OL@. 1.7-2.8 t.585 1 .M'21 1.545 5.29 9.1 OA 9.0 0I39'*V MguowiRnZIIn
UCgSI,3OH,(0 (cepaeuamn)II Tounnae sao'nabia r - 1.5 -153- 14.46 18.5 5.33 0*16' ,

1561 1.5 7W
Xg.SI.OMj(OB)s ()LPzzao.Ia)o OZ C 2.3C-2.5 1.555 - 1.54) j1.75 N8.26 5.16 93016 a

MrvSi.,0,(OH). (an~mruPnTr j'I~ct~1la, a~ 1.53-2.S8 L1.51 1.5s0 1.560 5.3 9.25 13.03 N1OV
36gHO.A'OHUSIO . dI.O BonhaI(II (0.C G 1.54 - 1.508 - - - -

fa-Tauy~zri)w

31CA(R1-0)J 4 .0Ht, 1 .J.nH: .1 .0. - 1.490- 23.2 15.7 5.32 60-930

Al-?V.O."i (VH). (myn e.DeUv r' 1Iznm 2.83--3.2 1.657 1.612 1.633 18.5 17.9 5.27 - P0ON61.-CK81
HtMI U11TO4!u.'wT) 5

*1-!bgo. - 0,. 11B.0 (2aeo.*2.3-2.4 1.513 j-- 14.68 Au.2 MG1 9? 3. 't~aaa
IUT) .91.557 1 nIHIHI

--C I,-I.OORP1qvytc N 1.513-1.A16 A I

Key:

a. Compound r. Ot-sepiolite
b . Appearance of ~rystals s. Kupff errite or anthophyllite
c . Density, g/cm t. Kerolite
d. Unift cell parameters u. Prisms
e. Crystal system v. Crystalline aggregates, polysyntlietic
f. Enstatite twins
g. Clinoenstatite w. brick-sliaped crystals~, pseudomorphosis
h. Protoenstatite to enstatite
i. Forsterite x. Hexagonal p~lates
j. Brucite y. Gr ains
k. p-quartz z . Cubes, octahedra

-. 1. Periclase aL. Lamella
m. Talc bb Thin fibers
n. Serpentine cc Fibers
o. Chrysctile dd Needles
p. Antigorite ee Differ from those of enstatitz by not over
q. Attapulgite over 1 0.002

ff RIhombic
gg Monoclinic

551 hh Hexagonalij Trigonal I



---

00

Fig. 366. Equilibrium curves for re-

action Mg(OH)2 # MgO +I Yi2 0: 1. f rom

Korzhinskiy; 2. from Bowen and Tuttle;

3. from D. Roy and R. Roy and Osborn;
4, 5. from MacDonald; e. fr2m Kennedy;

7. from D. Roy and R. Royr.
z 4Key:

a. Pressure P, kgf/cm 2. 10-2

magnesium oxide, obtained at low temperat-,re) and 5 (equilibrium between

synthetic Mg(OH)2 and magnesium oxide, are obtained at high temperature).

42

At constant temperature, the first reaction corresponds to a. considerably

LiL*

Sloer quiibrum Fig.ur 366. tequlirimc urv o es forre

S • The syztem~3 frsomasbe suidb D. Royan R. Roy and Osborn;[8

i" i(cuve 3 an subequn7. frefnm b D. Roy and R. Roy. [7 cre ) h

- 5 2 -2-

.a. Pressure ,, kgflcm 10
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equilibrium conditions in the system have been stadied by Fyfe [30], Fyfe and

Goodwin [32], and by Meyer and Chi-Sun Jang [49].

O rulIThe equilibrium errve according to Barnes and Ernst [22, 23] passes

through the points 547*-245 atm, 572*-490 atm, 6070-980 atm, 6340-1470 atm

and 657°-1960 atm.

The system also has been studied by Boreskov and colleagues [1],

Johnston [39], Lebedev [13], Butt and Raihkovich [3-6] and Anderson and

Horlock [20]. Chown and Deacon [28] have studied the mechanism of the

magnesium oxide + steam reaction.

AfO.•

Fig. 367. Schematic isobaric "tempera-

ture-composition" profile of MgO -- H2 0

system, studied at pressures up to 4000 kbar

and shewing region of high temperature

melting (irom Walter, Wyllie and Tuttle).
Key"

a. Steam
t). ,eight%

lie
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Data on hydration of MgO, obtained by annealing at various tempera-

tures, is presented by Wells and Taylor [62, 66], Layden and Brindley [46) z.ad

O~ Walter, Wyllie and Tuttle [65]. A schematic profile of the "temperature-

composition" diagram of the MgO -- H 2 0 system, according to the data of

[65], is represented in Fig. 367.

Karlson and colleagues [41] have studied the solubility of magnesium

oxide in water at high temperatures and pressures. The solubility curves of

MgO in water are depicted in Fig. 368.

o4-

a 0 i 160 zo 0 P0

Fig. 368. Solubility of magnesium oxide iii water

at various temperatures (from Karlson and colleagues).

Key:

a. mmole/I

The brucite -- water system has been studied at 250 by Hostetler [35].

Brindley [26] obtained and st.udied brucite monocrystals. A number of investi-

gators, Gjaldback [331, Murotani and colleag,,es [501, Butt and Rashkovich [6],

Shirasaki [60] and others, have obtained Mg(OH) 2 in metastable form. Tagai

and Saito [611 have studied the foimation of 3arge crystals of Mg(O-) 2 , the

sizes of which depended on the pH of the medium.
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Mg(OH)2 is encountered in nature in the form of brucite (Ne 1. 580,

No 1. 559, as well as Ne - 1.585, No - 1. 566, hexagonal, unit cell para-

meters a - 3.125, c = 4.75 kOX, the crystals of which have the form of

regular hexagonal plates, and nemalite, a matted fiber variety. A colloidal

variety of encrusted shapes also is encountered.
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CaO -- O2-- H20-

There is -no complete phase diagranm of the system. Investigation of it

is complicated by a number of factors: difficulty in achieving equilibrium, the

fineness of grain of neogenes and their poor crystallization, variable composition{

and metastability of many phases, by the effect of reaction conditions on the A

nature of the pheses formed (nature of the initial material, reaction temperature,

pressure, duration of test, rumber of liquid phases, method of mixing). Many
tests are difficult to reproduce.

Syntesis of calcium hydresilicates is nmost easily accomplished under

hydrothermal conditions. The initial materials way be amorphous and
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crystalline varieties of SiO, and calcium hydroxide, monor di. and tricalcium

silicates, low-alkalinity calcium hydrosilicates. The time necessary for

Lormation of stable compounds is from several hours to several months.

One feature of the system is the diic uity in identification of the phases

formed, as a consequence of the fine crystallinity and great similarity of many

of their parameters (similar X-ray photos, close limits of refraction and

f.ndothermic transformation temperature regions, etc.). As a rule, identification

can be accomplished only by use of a set of methods: crystalooptical, X-ray

phase, differential-thermal, and, in case of necessity, chemical, infrared

spectroscopy and electron microscopy as well.

) Many compounds in the system are known as natural minerals, pre-

dominantly of contact-metamorphic origin. At the present time, there are

about 30 natural and synthetic compounds in the system, calcium hydrosilicates.

Their basic characteristics are presented in Table 1. There is an

extensive literature (about 600 works) on investigation of the system and

separate phases, References are made in thiis handbook only to individual

works containing extensive bibliographies and permitting sufficiently complete

an. detailed information to be had on the major results obtained in the CaO --

SiO 2 -- H2 0 system: structure, crystaioptical properties, X-ray radiography,

"diifferential -thermal analysis, infrared spec+roscopy, el-ectron microscopy,

and chemical analysis of these compounds, as well aý thermochemistry, thermo-

dynamics, kinetics and mechanisms of reaction. For the most complete data,

see works [2, 4, 6-8, 15, 26, 39,43, 50, 51,67, 69-72]. infrared abaorption spectra

are presented in works [3, 5,21-24,34,35,46, 62J. Infrared abso.ptioni spectra,

according to Ryskin [21-24], are given inTable 2.
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I TABLE 1

CiIARACI E~ ISTICS OF CALCIUM H!YDROSILICATES

Cq~ ~ pa raCHTYC flonaabeimI fjlmJICOT. UapangfTPU TP epa , oLparlaniue
Coe,-3hItene XTPa RpnCran- cocTonpe- MOMm, Curoawn oneCwitTaP1101 gcrYPa1 03Ueo 06pu.1

j Wu3poCVuazxa?. cXOxojwie no CTPYIKrYPOC NOR uoi CT:LUITON
WvO - M310 8H20 CaS1.Q. 2H1 0 1Pozow 6N = I.W 2.24 T qwn'- a r- ..86. 300 OvaeCrTUpou&Hult

I~c~DM) *20 ymaxlIM b = 7.32. " Sweo~aJT~oiu
I - 7.60 A, a xpuCTooax"

I e~It 101481,

I 7 - 03541
3QO .eS1O:. 6H20 8e1u0 NgL =1541, 2.33 * =9.4 Ouaupo "Aaa
0(oxeHUT) .224 .0 26 Np = .3 =2. '71 U OOUCTU-

90 0 Saauaa )pcto-

= 
50

6Cao .00 -~O H;OQ CatJSI0 1 1](01h) lq_ 1.595, 2 70 V' o~o- a = U't.5.71 Opzaaimroma-
~(IRCORISoT) Nmg 1 .583, cmvritan b = 7.33, 3RnPS

0 NP 1:583 c = 7.03A
ACaOO I. StO; - H-0 Ca,6'3 0,(O11h 0 Ng t .605, 2.30-2.73 * a = 10.32, S50-750-

NP Ima~r N=. 597 c= 14.07A
2CaO~~~~~~ SIO = !i0 CaS.,(H~ g1.812, 2.66-2.69 = a =6.6. 52-M C8zzeope

0(rznsjmtpaii.-1i:) Np = 1.605 b7.6 A tj mmica -C'S

;=900:hŽ
=90g.

{) W To~epxopwnsfaSR rplufla
'' 5CAO 5.q10, . H,0 CRaShOH 2 . 31'0 -- 2.2 j pooNt 55 111.3 AL-iodcpwopuTX

(14 A-T 9 0 ecihan = .8 u -22 j 1.3 A- at 9.."A-To-
b fl mfpepuuTD

n~o~tebT = . 1  7,12, 25-4 9.3 A-ToOepuopwT(
e =c 28.06A 450.-650 9.7 AJrw".cps-ojw-r

I t &we 701 I Bwc. t'w

Key: a. Compound s. Oriente.d CS
b. Structu~.'al formula t. Foshagite
c) c. Crystal appearance u. Hillebrandi+:.
d. IndiUce'., of refraction v. P C2 S and a :.-:rtain anount of - 3
e. Dencity, g/cm3  w. Tobermorite g%,cup
f. Crystal system x. Tobermorit,,
g. Unit cell parameters y. Orthorhomrbic
h. Dehydration temperatures, 'r, z. Ai~ove
i. Crystalline phases formed by aa Wollastonite

decomposition bb Plom bic rite
j. Hydrosilicates similar in

k.structure to wollastonite

1. Fibers4
m. Triclinic
n. Orientcd wollastonite and

c ristobalite
o. Okenite
p . Oriented wo11&stwite and

unoriented c,,7iatobalite

r. Monoclinic
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TABLE I (contin~ued)

0~Cp~ raox j -OL MOT M M -YI .. a)I

co.mmiCIPUTA ul~lpe- aRom. Cullman 8Ne mM.aaBobA crli~pa, waweI .11

5CaO -6,3103 - 5Ht0 Ca.(SIO.!i'Ca. ColtIm1Ie N~g= 1.575, 1 01 1. 6 01A1
par,7 a ®R. WIacrauI'M Nv& =.57t. b 272!j Sa-85S0 flgua13cluaaU44'

0 TOC"'RT I Cas(SI. Np = i.57u C-~A(I,~r

"SC40O.Csio' .0-21!:O Dr1nu~u Ng = .605, 2627 0 a="1' 700

vii, ciaftm* * I Np =1.600 =8.A
T0'mull couiaa newt

XOPcaMO 0opnCrair.ui- -- 2.6-2.6 OPvropoM a = 0.2,- 93...a4p~) l
Be: iifli( tc~p~~a Gqeclin, b 7.32,

C811 (11), Tr11111,11 c 2D.5A
COMMd HeI'b.- Cle YI

(10.0).77 titpop') .

WItA - -n 1(9.7.7 ~ ;~cr~:I~,ali
TOCrniT $50-900 aa %(11,111. f .

TOU~~JCa aT ~ ~.All"IIiijil Mu .l.

GJ A C~0 3$IU1.p C T Q.'I.H 1 ]O l!It eT C rcP M 0P U T N

0 'ý -1..;C$I.I< 3 a~pywit- 4= - a 5.6, 80W 4kOR2AlRCT41lauT1

CILi (1)) AlflCTU'flW I
I '-ýCao - S1,-It. 10 - f I1o0gima - - -=~c

3 ~(Te 'raMOpfff eC;lI sta ruatajau- --

Spoi~ilhllitiatj

Key: a. Compound cc Th'in plates
b. Structural formula dd Same
c.. CrystdA appearance ee ),'xotherm~ic peak
d. Indices of reft-getion. ff Riversidite
e. Deitsity, glcrn gg Plat,63
f. CrystJd byoten) hhi Precise cornpoition. unknown 02.~ 6,1
q. Unit ~el-l par-arnaters tobe.rmorite)
h. Dehydration temperatures, OC ii Well crystallized form CSH (0),
i.. Cryetalline phases formod by precise nomposition unknown (10. OA

decomposition tobermorite)
x. Toberinorite jj Wollastonite (incomplete crystal-
y. Orthorhombic lization)

-aa Wollastonite kk Well -c rystallized wollastonite
11 Slightly crystallized tobermorite
mm Twisted leaflets
nn Fibers ad corrugated plates
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TABLE 1 (continued

q 1 yc. noaia OT .4 a'npf Te.p ip iraIwmleicHue
U.N c~yI(T)p~an aowrycfloxaa ~ 1b. rljor flapMerp ,yp i saw, o6pansyo-

wln CTA~~lu ua a pum~az. CIIC0UPe- Ioca's Cawoun a hnefear'nofl Ae-''k Ju~ccs 'IPM
J103 JMoumaefliz VAR,' Oqfi i C jPa3JIO~teuIUX

CaO . 2510,- .211, CaHAL,S Il,0,~ N(,,= 1.52 - rxao =.3
(Z-4aa Accapccona) - jbia=97A

smi nces.

5. caO - I10510, 311,0 4(Ca3SI-0,,. 2H120) & _ I~~b - N00 flceaAOoJ1.maco-
(TpycrcouT~r) 

fP ;; RUT

X 0O-28C&O -48S10,* - NI, 1.560 2.47 Ntpnro- 9 =971 800 dd To we
91510 (Jellepwrtt Haiajugn l 8.

SCaO - M2S10, 9H7,0. Ca,,SI.,0. (01%).. Memy'IRN Ng= t.545%, 2.39 rexckro- a =9.".. so a a
.2CaO .3SI0, -2H,0 .1411,O. w w NP =1.535 inaAr~uan e c='~.i3
(MnOh?) V v 24Ca.SIO 0 (OH),.

S~~~~~aYO .2y, z1, Ta[I.,O) yjp ny o z o xA n ue c 7 -2CaO -SiO,

5CalpiOm - 280 2=RAAI2U 1.630 2.84 V'MoLo- a=.9= ±
(Ica~bnoesuft 1011- I ciaf Iux ±0Y.1)
Voa41a3a X POOl) I = jtz. 60I- 750

CB.0 25074170 , r.C:SL~ ~~W 4-4±1 *~' '30?I~iln flPc10;

L 3CaO. 2S10(8Ca0 Ca-SI.0, Nezf~u H =160 2.992 0¶rcopoi.- 00

3CaO.- SIO,.0(WAO - qea~yngjM 'U .37 23

lapaIm?) fi
Nn:

Key: a. Compound s~i Pseudowoilastonite

b. Structural formula tt Reyerite I
c. Crystal appearance uu Trigoaial
d. Indices of rervv Gyrcilite

reirctione. Densi,'Y, glcm ww Laniella

Fi. Crystal zvst ~m xx Hexvgonal
g. Unit cell. parameters yy Structurally similar to y-2CaO- SiC)
h. Deh.ydration temperatures, 0C z.z Calcium chondrodite, Roy phase X
i. Crvs..alline ph&ses formed by a' Prisms

decomposition b' Phase transition
r. Monoclinic c' Xilchoanite, Roy phase Z
y . Orthorhombic ci' Rankinite
aa Wollastonite e I Othel s
00 Gyrolite group fV Tacharon~ite
pp Assarsson. Z-phase
qq Hexagonal or pseudohexagonal
rr Truscottite
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TABLE I (cont-inued)

V ' yTyP~a~ r.1611Tc floma3arern. n.hoi- I Ha4~Cpuj, t33Y20-

C0wgiuinwi' -Peb11 -lPS d 0 1era 11 aCJ..a--~

W, Su, L320 Jla('c -2; I~lYH ca%'wA3e t InCh MI'I0 2.681 Ze lla~ d. =-npm iwc, "0

IV~tW Nm VIA2, I ~ talln b *

(croxsyffw) :aH(Ie) Iar.t bp =.1 19.67
rjl.1=Y1.410

SV.¶ 0 ,-10,. - 0 (caSI(41) . 11'0 w)- ~ = 1.616. 12.90- TVpzuuuillu a -6
rgIT~Il 3 =u 1.62 . C~o '.'.89 b

(CrOauz u1 - or;. -zIa 3HAt.00 .11.89 6 1 a r 4

* 2530.. 2.00 frM4iol- a 9.3' -C.S U7, 4 3

rn.Ip.,~ ~uy~a ~ ca I ,,..o' -r -'OilIIeHt : 2

Ituenorc o'rultttiaT' Np = IABl 6,
A40o ?' 1, .. (H-0OW4 (JeI1. Ng = 1.6". 2.81; o 3:uun'un a~ b S

OYM 3.1f I (S'tiO~ 0)1. o I T Nf.n6d X .'1.642 j0 bf~'oI iS9. 4~
I., *- A,

H1J4Li1 r'riijSIo*' 1) T.. - vI.Ioij . Y' Am 2-. A

01C,1c - 2.ii0 p.u7,1.0 .Vpor a T."45 U ci.I-'i0 ( H) n v 0 I ,N* I 21"t

K12ey: a. Compound 1. Fibers
b Strcturl ýomulagg Plates-

c. CrystU appearann4 e aa Wollas.tonite
d. iindices of i'efrac-Liun

Densty, ~cm3it' Bar- shaped cryý;taaiirne granules
f. Crystal system ji Rosenhahnite

g.~~~~ Untcl ajee ~ i Lath-shaped crystals
h. Dehydration. temperatures,0

- k1 Af wimlte
1. Cryst~afline phases formed by 1' Phase Z --ankinite

decinosiio In Dicalci-im silicate hydrate

r. Monoclinic c' flustamite
y. Orthorhormbic P,' Delie phase Y

q1 Trical~cium nydrosilic ate
r' N~eedles
s' Rhombic
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TABLE 2
INFRARED ABSORPTION SPECTRA

(FREQUENCY MAXMMA, cm- )9

Ta6jznLta 2

oli q iep C1.'. i oal qkex 1 (#RCTOrlA MaaicMlMyMC,1. •C'')

Sico,,oi..,ni b Ix~il',,,c p.tI,, r e- 3 ,

C(OcgnI Ii 'ut*h P'!1* CINIT C C N11C AITITCT- CnItIcriz-Oce ) -,,) 'ce ik CCI T't CIl e, " tltill Ircti

3608 3607 W388 3626 1365 33i0 3532
1197 1198 3563 35a& 1635 3150 2841
1138 t137 1150 1154 120M 2770 2580
1003 1078 t074 1078 1173 2412 2454
10m 1000 1031 t025 1140 1658 1278
971 973 1017 990 1075 1623 998
925 927 987 9683 1027 1320 931
108 710 969 934 97*1 1280 qSo
670 371 930 903 930 1100 &1102
.34 633 898 840 897 939 756

610 609 851 722 747 963 746
535 534 762 646 675 91% 749
493 403 64; W0 633 883 709
478 476 570 040 610 80 675
41112 456 .hi50 .r 524 813 513
455 415 F10 468 47P 781 408
410 468 4.59 673 424

632 400
512 38N

I 481

Key:

a. Xonotlite
b. Hillebrandite
c. Natural (South Ossetiya)
d. Synthetic
e. Natural (Valardena, Mexico)
f. 11 A synthetic tobermorte
g. Synthetic afwillite
h. Synthetic a hydrate

Roy and Harker (20) presented a series of experimental phase diagrams

of the system, describing a number of phases which were found by successive

jncrease in temporat.re, for all values of CaO:SiO2 ratio (Fig. 369). The

authors, however, indicate that hardJxv aJi the diagrams presented reflect a

stable equilibrium.
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Fig. 369. CaO Gri 2  1120 system, represented in

* the form of coexisting phase triangles for various tempera-

tures at th*-. saturated vapor pressure (dotted lines) and at

a pressure of about 1064 kgf/cra 2(solid lines); dashed liners,

conjectural -ýxjuiibria (from Roy end Harker): CaC. calcium

chondrokite.

Key: a. Okenite f. Tobermorite
b. Nekoite g. Hillebrandite
c. Plombierite h. Reyerite
d. Afwillitc i. Xonotlite
e. Gyrolite j. Roy Z phase

k. Foshagite

-565



0~4j

UA PO CAC

-- H CHN~ C~H
H Cit C HCiC

CS f s S e1

-' C JICtH C aC

HCHi C H Cit

Fig 36.(oniud

1.5 Wo 0 ,.utonite

566~WW51 C~ U



z Pt

iN f Ca.*sO

aC#XC.CM .

Ht , ~x C HCiCk C

9000

t 'Lm Pawww 1+X

cs.~

L. ~ a. 5,'fomum?"

Fig. 3609. (continu~ed)

K ' iim. VaporH

I.!nknt
-507-



Taylor [70] proposed a st-hematic diagram, on which the compounds

of the system were plotted (Fig. 370). A diagram according to Taylor,

Sshowing the conditions for formation of the well-identified calcium hydrosilicates,

is presented in Fig. 371. Anhydrous compounds form at temperatures above

line ab; between line ab and cd, products form in which water is present,

mainly in the form of hydroxyl ions; below line cd, the compounds formed con-

tain H groups, characterizing the acid function; they can also contain molecular

water and hydroxyl ions.

A composite phase diagram and their own data are presented by Butt

and Timashev and colleagues [12] (Fig. 372). P-t equilibrium nurves for

) certain phase transitions in the CaO -- SiO 2 -- H2 0 system, according to

Buckner, D. Roy and R. Roy [321, are shown in Fig . 373.

Data from stlidy of equilibria in the two-component system CaO --

H2 0 and SiO2 -- H2 0 are necessary for study of the three-component system

CaO -- SiO2 -- H.O.

CaO -- H2 0. A phase diagram of the CaO -- H2 0 system, at

a pressure of 1000 bar, according to Wyllie and Tuttle [77], is presented in

Fig. 374. Under these conditions, portlandite melts congruently at 835 ±
5* Two fields, representing the monovariant equilibria CaO + liquid -

Ca(OH)2 and Ca(OH), + liquid + vapor, intersect the isobaric profile along
2I

invariant isoba,.c li.es, at temperatures of 835 and 8150, respectively. The

position of the CaO -- Ca(OH)2 eutectic is very close to the composition of

Ca(OH) 2 .
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Fig. 370, Compountds in CaO -- Si0 2 - 110

system (diagram from Taylor).

Key:

a. Hydrated silica j. Truscottite
b. Tobermorite k. Foshagite
c. Nekoite 1. Hydrate
d. Okenite mn. Chondrodite
e. Z-phase n. Phase Y
f. Afwillite o. Conjectural solid solution
g. Hydrolite p. Xonotlite
h. 0d -C2 S hydrate and q. Kilchoanite, rankinite

hillebranctite

i. Tricalcium hydrosilicato
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Fig. 371. Diagram indicating approximate conditions

for formation of silicates and hydrosilicates of calcium
under hydrothermal conditions (from Taylor): vertical
lines Ca/Si molar ratio in compounds; extent of each
line indicates the temperature region, in which a given
compound forms; wavy linesjvarying composition.

Key:

e. Molar ratio of initial n. Hillebrandite
material. o. Hydrate

f. Rankinite p. Tricalcium hydrosilicate
g. KilQahoanite, rankinite q. Z -phase
h. Chondrodite r. Tobermorite
i. Phase Y s. Afwillite
j. Foshagite t. Quartz
k. Xonotlite u. Cristobaiite
1. Truscottite v. Hydrated silica
,m. Gyrolite w. Calcium hydroxide

S-570-



oo

013 12. 0 3 2
&VUpD ~ueu C03D

Iai
)~~~~~~CHI Fig.D 37.Apoxmt OrstN&tcn tblt

a. Quart

C. Phase YMu-e o/

Fi. Pha2e Aprxmt rsalztoZtblt

re.in ia n /a --0 mola ratH20sytm;1foBesey see[15); .romTayor;3. r1
BernA; ~ ~ ~ ''? 4.fo-rnvBt, Tmseand oherI

Key:



•0

7 I

j1C

to- I a:-

S2001 4O 600 80 O10017
i, T

-~)

Fig. 373. P-t equilibrium curvee for certain phase
transitions ii. CaO -- SiO2 -- H2 0 system (from Bunker,

D. Roy and R, Roy); 1. saturated water vapor pressure
curve; 2. afwillite = kilthoanite 1- H2 0; 3. 11 A tobermorite-

xonotlite + H 0 + truscottite; 4. xonotlite = wollastonite +
2

H2 0; 5. tricalcium hydrosilicate - calcium chondrotite +

Ca(OIH) 2 4- H,1O; 6. Phase Y c' C2 S + H20; 7. kilc.oanite

(hydrated) - rankmite + H2 0; 8. calcium chondrotite -
d 'C 2 S + CaO +H 2 0.

Key:
-3a. Pressure P, psi- 10b. Pressure, P, kgf!cm

A P-t )rojection ff- %e monvariant equilibrium [77] is depicted in I
Fig. 375, At pressures of ie~s than 1000 bar, twr manovariant curves are

found. rep.eseating thc equilibria CaO + Ca',O0) 2  var•r and CaO + liquid +.

" -,,por. At i:,variant point E, at which fo"r P-1 curves intersect, four phases

co,..uit: CaO 4- Ca(OH) -r- liquid. + vapir. -
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Fig. 374. Phase diagram of GaO -

H 2 0 system for pressure of 1000 bar

(from W,! Me and Tuttle).

Key:

a. Vapor
b. Weight%

The Ca(OH) 2 -- H 2 0 system, at 210 ard high pres3ure, studied by

Weir [75], is presented in Fig. 376.

MLa~jumdar and Roy [531 have studied the dissociation of Cn(OH) 2 at

various~ water v.-%por pressures. An eeiailibrium cui've of tile reactioin

Ca(OH) 2 g: CaO + H~20, at high water vapor prensuros, i.,- presentea inl Fig.

3"47. Accorcidng to Majit.n'dar an~d R~oy, 111 e dissof.1atc.Ail ternperý.ture of Ca(OH) 2

is 7400 at a Dresoure of 1000 bar. The data of Johnston '1-V oi, the dependence

of the tF-mper,,-ture oi the dissociation Ca(OH).2 F- GaO + TT! 2O on pressure are

va~id at Ct'e present time.
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Fig. 375. P-t projection of mono-
variant equilibrium ii-, CaO -- H2 0

system (from Wyllie --,nd Tuttle):

Four monovariant curves meet at

invariant point E; curve CH-L ex-

tends from singular point M and

a. Vapor

b. P, bar

The Ca(OH) 2 'C CaO " H2 0 equilibrium has been studied by Pistorius

[60], at pressures up to 20, 000 atm. Pistorius showed that, at pressures over

7000 atm, the dissociation temperature is hinost independent of pressure and

is close to 7900.

The only compouna in the Ca(OH)2 system (portiandite) has hexagonal

symmetry, and it has the appearance of thin, six-sided plates [1, 11, 63, 64
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diagram of Ca(OH)2 -- H2 0 system at 210 (from
Weir).

Key: a. atm d. Solution
b. Ic e e. Moles
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L, -C

Fig. 377. Equilibrium curve of reaction Ca(OH)2 •

CaO + H2 0 at high water vapor pressures (from I
Majumdar and Roy)
Key:

2 -2
a. P, kgg/cm 10
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and others]. The crystal system is hexagonal. The unit cell parameters:

a = 3. 585, c = 4.895 kX. The indices of refraction are Ng = 1. 574 and

Np - 1. 547. Uniaxial, negative. Density 2.23 g/cm3 . Tippmann refers to

crystallization of Ca(OH) 2 , in the form of needles or fibers [73].

Weir [75] found, in addition to Ca(OH)2 , a crystalline hydrate of the

composition Ca(OH)2 " nH2 0, where n is not less than 4 and not over 6. Ca(OH) 2

also has been found in the form of an amorphous variety, which usually is

formed by hydration of calcium silicates and portland cement [8].

Many works have been devoted to investigation of the CaO slaking

process [10, 11. 13, 14, 19, 28, 29, 31, 38, 44, 52, 54, 55, 59, 65, 76, 78].

Solubility of Ca(OH) 2 in water has been studied. Hedin [40-42] obtained

solubility data in the temperature range from 24 to 570, Bassett [30], irn the

0-1500 temperature range and Peppler and Wells [57], up to 2500.

Segalova, Kontorovich and Rebinder [25] determined the solubility in

water at 21. 60 of calcium oxide proper, by means of incorporating additives

) of sulfite-alcohol residues, glucose, preventing the rapid growth of Ca(OH)2

,Luclei.

Fratini [37], Hedin [40], D'Ans and Eick [34], Budniko¢t [9] and others

have studied the solubility of Ca(OH)2 in caustic alkali solutions (NaOH and

KOH) at various temperatures, in solutions of chloride salts, in a solution of

gypsum at 200 and in sugar solution.

Ratinov and Grigoryan [18] have determined the coefficient of diffusion

of Ca(OH)2 in solution at temperatures from 28 to 850.

Ringqvist [61] has studied the electrical conductivity of Ca(OH) 2 solutions

of various concentrations at 0-100°.
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Sio 2  H 0. A schematic diagram of the phase relationships of

the SiO 2  H 2 110 system were first plotted by Smits [661 in 1930, although

Fenner [361 had already begun study of this system in 1913.

4. t 0

75

160 ZOO 2*0 28 320 360 400 440 4W 50 5 S

Fig. 378. SiO2 H- 10 system, isobaric quartz

solubility curves (from Kennedy).
* Key:

a. SiQ2 in H120, weight 16
b. Quartz
c. Critical temperature
d. Gas
e. Three-phase region

-f. Critical final point
g. Bar
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to. [Reproduced from ep"

K Fig. 379. Sic 2 -- he 2 0 system, isothermal

-• quartz solubility curves (from Kennedy).
KKey:

a. SiO2 in H 2 0, weight %

b. Two-phase region
c. Quartz
d. Three-phase region
e. Gas
f. Critical final point
g. Specific volume H2 0, cm3/g

Kennedy [47-49] has studied the system over a broad range of tempera-

tures and pressures. The SiO -- H2 0 system is depicted in Fig. 378, in the

form of isobars of solubility of quartz in water, from the experimental data of

Kennedy. The pressure in bars is indicated on each curve. Quartz solubility

isotherms, according to Kennedy, are presented in Fig. 379 and, in Fig. 380,

a P-t diagram of a part of the silica-water system, from Tuttle and England [74].
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Fig. 380. SiO2 -- H20 system,

P-t diagram for silica-rich region

of system (from Tuttle and England).

Key:

-__)a. P, kgf/cm c. Tridymite
b. Quartz d. Cristobalite

S )

Fig. 381. Theoretical arrangement of P-t diatgram

of SiO2 -- H2 0 system (from Ostrovskiy and colleagues):

in circles divariant phase combinations, stable in the

corresponding fields of the diagram; T. tridymite,

C. cristobalite, Q. quartz, L. melt, G. vapor.

i5
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Fig. 382. Experimental P-t diagram of part of SiO -- H2 0

system (Ostrovskiy and colleagues): 1. cristobalite 4-

melt; 2. tridymite; 3. tridymite -4 melt- 4. quartz; A..
quartz + melt; 6. melt; remaining designations samne

as in Fig. 381.

Key:

a. P, kgf/cm
2

Ostrovs!:iy and colleagues [16, 171 ha,,e presented a theoretical (Fig.

381) and an experimental (Fig. 382) P-t diagram of part of the SiO2 -- H2 0

system. The facL that the tridymite -- cristobalite transformation curve has

a negative slope And bounds a narrow field, in which coexistence of tridymite

and melt is possible, from the top attracts attention. Of the invariant points,
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in which cristobalite, tridymite and quartz are in equilibrium, the cri,.obalite --

quartz equilibrium curve stands out; its position was determined experimentally

) up to a temperature of 1160* and it was extrapolated further to the meltitg

temperature of silica. The diagram shows that neither cristobalite nor

tridymite are -trahle at high pressure. Thus, according to the data of Ostrovskiy,

the cristobalite + tridymite + quartz invaric.nt point lies at 11900 and 1430

kgf/cm2 . According to the thermodynamic calculations of Mosesman and

Pitzer [56], it is assumed to be approximately at 14200 and 660 atir!. The

position of the equilibrium of quartz with the melt and vapor on the Ostrovskiy

diagram pasees 150 higher than Stewart eves [68]: 11300 at 2000 bar and 10650

at 5000 bar

4Ct 4

1S'0I ,A

CtL
C L IO

GT

1000' ,, L
CO

L
100g0 V 3 5 0 -01 foi051

Fig. 383. Schematic representation of "pressure-
temperature-composition" section of diagram of SiO --

H2 0 system at 1000 and 2000 kgf/cm2 (from Ostrovsidy
* and colleagues); designations same as in Fig. 381.

Key:

a. kgf/cm 2  b. Weight %
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Fig. 384. P-t projection of monovariant
equilibrium in SiO2 -- H20 system (from
Kennedy).

Key:

a. P bar
b. Critical iinal point
c. Quartz
d. Two liquids
e. Cristobalite
f. Tridymite

Ostro'skiy has plotted schematic isobaric sections for pressures of

2
1000 and 2000 kgf/cm (Fig. 383).

A P-t projection of the phase diagram of the SiO2 -- H2 0 system, ob-

tained by Kennedy [48,49], is presented in Fig. 384. As is evident from the
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Fig. 385. Phase diagram of SiO2 -- H20
system, upper and lower three-phase
regions (from Kennedy).
Key:

a. Cristobalite d. Quartz
b. Gas e. Vapor
c. Tridymite f. Weight %
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Fig. 386. Phase diagram of SiO2 -- H20
system, compositions along upper three-
phase boundary curve (from Kennedy).

Key: a. P, kbar d. Cristobalite
b. Quartz e. Tridymite
c. Gas f. Weight %
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figure, the results of Kennedy mainly coincide with the data of Ostrovskiy.

The SiO2 -- H2 0 system according to Kennedy [49], showing the upper and

(9 lower three-phase region, is depicted in Fig. 385. The compositions along

the upper three-phase boundary curve, according to Kennedy [49] are shown

on the phase diagram in Fig. 386.
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ZnO -- SiO2 - H2 0

The system has been studied by Roy and Mumpton [5] (Fig. 387). Two

zinc hydrosilicates are known, hemimorphite Zn 4 Si 2 0 7 (OH) 2 " H2 0 and

sauconite Zn6 (Si 8 _ZnxO2 0 )(OH) 4 [1, 3,4]. Hemimnorphite is in the rhombic

crystal systern [1], and the unit cell parameters are a = 8. 38, b = 10. 70,

c = 5. 11 kX. Density is 3.45 g/cm . The indices of refraction are Ng = 1.636,

S~Np = 1. 614 and Nm = i. 317.

Roy and Mumpton have studied the mutual transitions of sauconite and

hemimorphite at pressures up to 40, 000 psi. They found that ihe temperature

of the hemimcrphite t4 willemite + H2 0 reaction varies from 2400 at 10,000

psi to 2600 at 40,000 psi. I

The monovari.ant P-t curves for the hemimorphitp P willemite + H2 0 0

reaction, at 100 kbar, according to Pistorius [3], are represented in Fig. 388. 1
STaylor (6] has shown that hemimorphite changes into willemite Zn 2 SiO4 at 7000.

The phase relations in the system and dehydration also have been studied by

Markham [2]. - 588 - I-
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SrO -- SiO2 - - H2 0

(.) The system has not been studied. Carlson and Wells [1] have syn-

thesized individual compounds under hydrothermal conditions. Powder

X-ray photos and differential-thermal analysis curves have been obtained for

all phases. The composition of compounds in the system and their crystallo-

optical characteristics are presented in the table.
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CHARACTERISTICS OF STRONTIUM HYDROSILICATES

N4 N= rOUfT70 StPUCAX019

_ _ __ _I I _ _ _ _

--

SrO- 2SiOS. 1H20 N = 1.574 OKpyr,•ie aepsa

SrO. SiQ. 1H20 No, =-i.604 qemyfikal

2SrO. 2SiO,• 3H&O NW . 1.60 &P-CTa.1. 36e0pa-
W=:R.iUi1I4opuu

3SrO. 2S102, 3H2O 1.614 1.602 1.602 JBwUNyTrle npX3M
SrO •2SiO - 02 1.627/ -- 1.595 .8

1.637 t1.617 e

2SrO. SJ0 3 . H20 1.64t - t.638 tIInuoo6p6PnueM-

3SrO. Si02- 2H20 1.595 - 1.575 Itro.'amu manwacr-n-

0
Key:

a. Compound f. Elongated prisms
b. Appearance of crystals g. Dendrites
c. Rounded grains h. Lath-shaped prisms
d. Lamella i. Small needles or plate3
e. Crystals of irregular

shapes
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BaO -- SiO2 -- H120

The system has not been studied. Only individual compounds of the

system have been synthesized and investigated [1, 21, the barium hydrosilicates:

BaO" SiO2. 6H120, BaO" SiO2' 3H120, BaO. 2SiO2" 0.5H 20, BaO. Si0 2 " 1-1. 3H20
(), BaO" SiO2" 1-1.3H20 (I). Kruger and Wieker [3] present the formulas BaO-

SiO2. 1. 5H20 () and BaO" SiO2" H20(11), respectively, for the last two, as well

as X ray photos of them.
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Fxunk [1] describes conditions for synthesis of barium hydrosilicates,

and he presents X-ray photos and differential-thermal analysis curves '~them.

C) The structure of barium hydrosilic ate, hexahydrate has been de~ierminned

[2]. The crystal system is rhombic and the unit cell parameters are a = 8. 43,

b = 12.96 and c =15. 01 A; density is 2.59-2.60 g/cm; indices of refraction:

Ng~ 1. 549, Np 1. 542 and Nm 1. 548[151.
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A diagram of the conjectural phase relationships in the silica-rich region

of the system, accordia; to Pistorius [4], is represented in Fig. 389. Phases

14 A, B and C, found in study of the system, were not successfully identified.

The author presents X-ray photos of these phases and indicates that they do

not coincide with the X-ray photos of known barium hydrosilicatec.
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A120 3 -- SiO2 -- H20

The phase diagram of the system, at pressures up to 10, 000 psi, has

",een studied by Roy and Osbcrn [29] (Fig. 390). Monovariant curves are pre-

sented in Fig. 391, in which the triangles correspond to the triangles of Fig.

390. The aluminum hydrosilicates are characterized in Fig. 392 and in the

tab]e.

In 1963, Roy and Aramaki [5] made a revision of the system. Two new

phases AS(H)-I and AS(H)-H, were described. Some investigators [13, 36-38]

relate phase AS(H) -II to andalusite.
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and pres ure fabot10,0 0 ps5fteA23- i2- 2

system (from Roy and Osborn); solid lines, experimental data;

dashed, conjectural relationships; A. andalusite; B. boehmite;' "
S.. D. diaspore; E. endellite; G. gibbsite; H. hydralsite;

K. kaohnite, nacrite, dickite or halloysite; M. Al-montmorillonite;

Mu. mullite; P. pyrophyllite,.

P-t curves of some reactions in the A12 03 - - SiO2 - - 1120 system, .•

according to Kennedy [16J, are depicted in Fig. 393. The data of this author

from study of the system under hydrostatic conditions also are presented in

work (21J. Curves characterizing the equilibriv'r of the pyrophyllite --- kyanite +

quartz (coesite) + H120 and pyrophyllite +- corundum =kyanite reactions are

shown in Fig. 394.

1
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Fig. 391. Monovariant P-t curves of Al 2 0 3 --

S1O 2 -- H2 0 system (from Roy and Osborne;

the triangles correspond to the triangles of

Fig. 390: I. gibbsite = boehmite + H120,

II. endellite = halloysite + 11,0; I1. boehmite -

diaspore; IV. diaspore = corundum + H20 and

kaolinite = hydralsite + pyrophyllite +- mont-

morillonite; V. montmorillonite - pyrophyllite +

hydralsite + H20; VI. pyrophyllite = mullite

(or andalusite) f- quartz + H2 0.

The results of Kennedy have been supplemented by Robinson [281. The

data of Robinson concerns stable and metastable equilibria close to the in-

variant points (Fig. 395). The objections of Robinson concern the pyrophyllite 4-

corundum = kyanite +- H2 0 and pyrophyllite t diaspore kyanite + H120
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Fig. 392. Crystalline phases in A12 0 3 --

SiO2 -- H2 0 system (from Roy and Osborn).

Key:

a. Quartz, tridymite, cristobalite
b. Pyrophyllite
c. Al-montmorillonite

) d. Kaolinite, nacrite, dickite, halloysite
e. Hydralsite
f. Andalusite, sillimanite, kyanite
g. Mullite
h. Endellite
i. Gibbsite, bayerite
j. Diaspore, boehmite

reactions. Robinson points out that these reactions become metastable when

they intersect the reaction curve of diaspore = corundum + H 20. The

pyrophyllite = kyanite +- quartz + E20 reaction also becomes metastable

upon intersecting the kyanite -- sillimanite curve in the low pressure region

and the quartz-coesite curve in the high pressure region.
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ALUMINUM HYDROSILICATE CHARACTERISTICS

b. d apauxc in a O.IvtCTartIott fineitIIu
CtConeauaenne N9 Np 13viCaur xouuna.AbACA

O 20,- .1I .1 b. A I 596 43* )

AIO, • '2SIO - 4H.0 (ra..lsni•e NO = 1.526-1.532 2.0--2.2 auoo .euuocu•cutoe paccron-
AIOj •5I0 21130 (ran.fya3u Nov, 1.548-1.5% 2.5--2.55

11T .1.0--1.5 0 1.5523-1.53 2.64--2.,1297 5.15 8*88 91. 9 . 00
A160s - 2SiO, ,-aI =uo , 1.563-1.560 t.557-1.560 2.5 34o8-.7p7- 5. 1. 3.0 - - 21' -

t4~mr . .GG--.$T1,I t.560--1.4M 2.62 Motouxti~ua 6.35 8.96 14.45 1 - 9615.,)' -
,!2AI.Oj - 2810, - 11.0 (r=~paacuT)q NW L.•OW -- le,,,aoremea- fiBa&32Joe ~•o aco

A120 3 •at..(H10- (AS(H)-I) NI - -e - -.- ---

AlO, • SiO.(H.O)-I (AS(H)-II) .60 I N 1.71 - . - - :.

O * The density limits, depending on moisture, are indicated. i

Key:

a. Compound 3 j. Nacrite
b. Density, g/cm k. Dickite
c. Crystal system 1. Triclinic
d. Unit cell parameters m. Rhombic
e. Halloysite n. Monoclinic
f. Endellite o. Hydralsite
g. Metahalloysite p. Pseudohexagonal
h. Basal interplane distance q. Al-montmorillonite
i. Kaolinite r. Pyrophyllite

Kittrick [ 181 has plotted a phase diagram of the A12 0 3 -- SiO 2 -- H2 0

system at 25" and I atm.

Althaus [4] carried out a revision of the equilibrium relations in the

system at pressures up to 12,000 bar. According to his data, the kaolinite +

quartz ; pyrophyllite + water phase boundary passes through the points:

) 500 bar and 340%, 1000 bar and 368, 2000 bar a, ? 6900 bar and 405".

The following equilibrium conditions have been found for the pyrophyllite t'-
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Fig. 393. P-t curves for some reactions in A12 0 3

k.J SiO 2 -- H2 0 system (from Kennedy).

Key:

a. Kbar e. Kaolinite
b. Gibbsite f. Pyrophyllite
c. Diaspore g. Sillimanite
d. Corundum h. Quartz

andalusite -I- quartz + water reaction: 487 ± 50 at 2000 bar and 513 1VC at

6900 bar; for pyrophyllite F kyanite +- quartz + water reaction, 512 ± 100 at

7000 bar and 528 1 100 at 12000 bars. The equilibrium relationships between

phases and their characteristics also are presented in the works of Brindley

[71 (kaolinite structure), Gruner (10] (dickite), Hendricks [14] (nacrite),

Blount and colleagues [6] (nacrite), Newton (23] (kyanite -- sillimanite and
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Fig. 394. P-t curves of pyrophyllite = kyanite +
quartz (coesite) + H20 and pyrophyllite +

corundum = kyanite reactions (from Kennedy).

Key:

a. Kbar e. Diaspore
b. Kyanite f. Pyrophyilite
c. Coesite g. Kyanite
d. Quartz h. Corundum

i. Sillimanite
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Fig. 395. P-t curves of reactions and coexistingS~~~phase triangles in Al203 -- SiO2 -- H20sse

(from Robinson); D. diaspore; P. pyrophyllite;

K. kyanite; S. sillimanite; Q. quartz; C. corundum;

Ko. coesite.

Key:

a. Kbar

kyanite -- andalusite equilibria), Newton and Kennedy [24], Schreyer and
Yoder (31], Ved' and Litvinova [2] (study of A120 3 -- SiO2 -- H2 0 system under

autoclave conditions), Bulygin [1] (dehydration and rehydration of natural and

s4 nthetic aluminosilicate hydrates of kaolinite composition), Niggli [25] and

Kerrik [17]. - 600 - i



Study of equilibria in the Al 2 03 -- SiO2 -- H2 0 system would be incom-

O plete without examination of the data on the A12 3 -- H20 system, some

information on which is contained in volume 1 of the handbook [N. A. Toropov,

V. P. Barzakovskiy, V. V. Lapin, N. N. Kurtseva, Diagrammy sostoyaniya

silikatnykh sistem, I. Dvoynyye sistery [Phase Diagrams of Silicate Systems:

I. Binary Systems], Nauka Press, Leningrad, 1965, p. 459].

A120 3 -- H20. The A12 0 3 -- H2 0 system is presented in P-t

coordinates in Fig. 396, from Torkar and Worel [341. The systerm has been

studied by Kennedy [161, in the 100-600* teinperature range and pressures

from 5000 to 40, 000 atm. Phase diagrams at low and high pressures are

1J depicted in Fig. 397. At a pressure of 40, 000 atm and a temperature of 2950,

the trihydrate (gibbsite) is stable. The monohydrate (diaspore) is stable at

40, 000 atm and 5900. The monohydrate exists in two polymorphic modifications,

diaspore and boehmite. Boehmite is a metastable phase. Jamaguchi and

colleagues have obtained a new hydrate 5Al 2 0. H120 (todite), under

•-.I hydrothermal conditions [15]. A hexagonal cell has been established with

parameters: a =- 5.575, b = 8.761 A.

Three polymorphic varieties of aluminum oxide trihydrate A12 0 3 - 3H120

are known: gibbsite, bayerite and the new mineralnordstrandite, synthesized

by Nordstrand and colleagues [26]. Nordstrandite was obtained from solutions

of aluminum chloride or nitrate and ammonium hydroxide.

Nordstrand presents a X-ray photo of the new mineral. According to

his data, the basal interplane distance of the new phase is 4. 875 A. De-

hydrationof nordstrandite takes place at a temperature of about 2000, with
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Key:

a. Atm
b. Hydrargy4lite
C. Boehmite

form aion of q A12 0 3 . The mineral is known in nature [11,35]. Nordstrandite

from Borneo [35] has b density of 2.43 g/cm3 and indices of refraction

Ng r 1. 613, Nm = 1. 583 (calculation) and Np = 1. 580. Nordstrandite from

Guam [12] has a density of 2.436 g/cm3 and indices of refraction Ng = 1. 596,

Nm = 1.580 and Np = 1. 580.

Aldcroft (3] has studied the formation and thermal decomposition of

nordstrandite. A series of works has been devoted to production and study of

various properties of this mineral (12, 20, 27, 32]. Saalfeld and Mehrotra [301

-602-
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Fig. 397. Phase diagram of Al 9O3 -- H O system
(from Kennedy); a. at low H20 lressure;' b. at high
H20 pressure.

Key: c. Bar g. Water
d. Gibbsite h. Diaspore, stable phase
e. Diaspore i. Corundum
f. Metastable boehmite j. Stable diaspore
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have presented a X-ray study of monocrystals of natural nordstrandite.

According to their data, nordstrandite is in the triclinic crystal system.

0 There is a hypothesis that nordstrandite has various modifications.

The system alho was studied earlier by Friecke and Hdittig [9], Ervin

and Osborn [8], Thompson (33] and Yoder and Weir [39]. The system has

been studied under hydrothermal conditions by Neuhaus and Heide [22] and by

Laubengayer and Weisz [19].
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Ga2O3 -- S0 - H2 0

The phase diagram of the system has not been studied. Individual

C) compounds of the system, gallium hydrosilicates, hav-i been synthesized:

gallium kaolinite Ga 2 0 3 . 2Si0 2 . 2H120, at temperatures from 200 to 5000 and

pressures from 6000 to 10,000 psi, and gallium montmorillonite Ga 2 0 3 - 4SiO2.

H20, having an appearance typical of montmorillonite, namely in the form of

extremely thin plates and "fluffy" particles, sometimes with rounded corners

BIBLIOGRAPHY

1. Roy, D.M., R. Roy, Amer. Mineralogist, 3 11-12, 1954, p. 972.

ZrO2 -- SiO 2 -- H2 0

The system has been studied by Maurice [1]. The format:on of zirconium

hydrosilicates has not been found. In water solution, at 4000 and a pressure

of 900 atm, zircon and anhydrous zirconium minerals have been obtained.
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P205 - SiO - H2 0

The phase diagram of the system has not been studied. A series of

O compounds of the system, phorphorus hydrosilicates, has been synthesized,

and the conditions for producing them and some properties have been described

[1-71: P 2 0 5 • SiO2 H2 0, P 2 0 5 . SiO2 2H 2 0, 3P 2 0 5 2SiO2 H2 0, 2P 2 0 5 SiO2

4H2 0. Only an approximat, composition is indicated for the latter compound.

The X-ray photo of this hydrosilicate practically coincides with the X-ray

photo of the compound P 2 0 5 • SiO2 " 2H20.

Lelong and Boulle have studied the conditions of formation of P 2 0 5 SiO2 "

H2 0 from H3 P0 4 and SiO2 (or SiCl 4 ). These investigators [6] subsequentlyv

obtained and proved chromatographically the existence of two new phorphorus

hydrosilicates, P 2 0 5 • SiO2 . 2H 20 and 3P 2 0 5 " 2SiO2- H2 0, containing ortho-and

triphosphate anions, respectively. The authors also carried out X-ray studies

and. studied the thermal behavior of these compounds. Lecomte and colleagues

[3] have studied the structure of compounds of the system by means of infra-

red spectroscopy. BL A_
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Cr 2  - - Si - - H 20

Only preliminary results have been obtained from investigation of the

system [1]. Compounds with a layered structure have not been obtained.

CrO(OH) crystallized out in certain tests in the 200-275° temperature range.
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MnO -- SiO2 -- H2 0 0

The difficulty in study of this system consists of the presence of oxides

S (9 • with cations of variable valence. A phase diagram of the system has nct been

produced. Efforts to study the system have been made by D. Roy and R. Roy [1].
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Fe 2 0 3 -- SiO2 -- H2 0

Flasche-i and Osborn [2] have studied the system at low oxygen partial

pressure. Study of the system was complicated by the presence of a cation

with variable valence. In practice, study of the FeO -- Fe0 -- SiO2 -- H20

system was required. A series of tetrahedra, depicting the equilibrium
relationships between the phases in the four-component k..5tem in the 250-

4800 temperature range, is presented in Fig. 398.
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Fig. 398. Stable phase emsembles in FeO -- Fe 2 3 - -

SiO2 -- H2 0 system at various temperatures (from

Flaschen and Osborn); I. < 2500; II. 250-470o; 1I. 470-

480*; IV. >480%; 1-12. stability fields of three or four

condensed phases; MI. magnetite; Q. quartz; F. fayalite;

M. minnesotaite; G. greenalite.
Key:

a. Anterior plane

The tetrahedra include 21j coexistng phase triangles, showing the

equilibria among the followi'.:g phases: magnetite -- greenalite -- water (1),

minne.4otaite -- greenalite -- water (2), quartz -- minnebotaite -- water (3),

quartz -- minnesotaite -- fayalite (4), minnesotaite -- greenalite -- water (5),

greenalite - fayalite -- water (6), quartz -- fayalite -- magnetite (7),

magnetite-- quartz -- water (8), magnetite -- fayalite -- water (9), greenalite --
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fayalite -- water (10), minnesotaite -- fayalite -- water (11) and fayalite --

quartz -- water (12).

The following crystalline phases, iron hydrosilicates, in the system are

known:

1. Minnesotaite Fe 3 Si4 0 1 0 (OH)2 , the iron analog of talc [41, monoclinic; (

unit cell parameters a = 5.4, b = 9.4, c sin# = 19.1 A; indices of refraction

Ng= Nm -= 1. l18 and Np = 1.586; density 3.0-3.1 g/cm

2. Greenalite Fe 3 Si2Q0(OH)2 belongs to the serpentine group of minerals;
2 3

Gruner [3] proposed the formula (23) Fe9Fe2Si 022"2H2 0; monoclinic, unit

cell parameters a = 14. 5, = 18.6 A, parameter c has not been determined;

density 3.0 g/cm3 ;

3. Grunerite Fe7SiO2-2(OH)2 is an iron amphibole, mronoclinic; indices

of refraction Ng = 1. 729, Np = 1. 686 and Nm = 1. 709 [1].

Greenalite and minnesotaite are metastable phases up to 470 and 4800,

respectively. Above 4700, greenalite decomposes into minnesotaite, fayalite

S) and water and minnesotaite, into quartz, fayalite and water.

The system also has been studied by D. Roy and R. Roy [5]. Iron

muscovite has been synthesized under hydrothermal conditions. Trivalent

iron is in both octahedral and tetrahedral coordination in the structure.
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CoO -- SiO2 -- H2 0

The phase diagram of the system has not been investigated. Pistorius [51

0 has studied only the silica-rich region of the system (Fig. 399). The data of

Yoder and MacDonald [2, 7] also is presented in the figure. Three phases have

been found: Co-olivine, Co-talc and Co-pimelite. The unit cell parameters of

Co-talc 3CoO" 4SiO2 " H 2 0 have been determined: a, sin = 18. 90, b0  9. 17

and c 0 - 5.29 A; monoclinic crystal system.

Ce~wu-

Con e•m C •c.n-aiaa.nop d I il&
flo%C 1

300 '#00 500 600 700 A00 V0

Reproduced from
best available COPY.

Fig. 399. Phase relationships in silica-rich portion

of CoO -- SiO2 -- H2 0 system at temperatures up to

9000 and pressures up to 40 kbar (from Pistorius).

Key:

a. Kbar f. Coesite
b. Co-pimelite (variable g. From MacDonald

composition) h. Quartz
c. Co-talc i. From Yoder
d. Vapor
e. Co-olivine
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Individual compounds, cobalt hydrosilicates, of the system have been

synthesized by Pukall [6] who obtained CoSiO3 2H 2 0, Feitknecht and Berger

[1], 7.4 CoO" 4SiO2 8H 2 0, Noll, Kircher and Sybertz [3, 4], Co-chrysotile

SCoO" 2SiO2 " 2H 2 0.
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NiO -- SiO2 --- H2 0

The system has been studied by D. Ioy and R. Roy [8]. Coexisting phase

triangles for certain temperatures are presented in Fig. 400. Pistorius [7]

presented a diagram of the phase retationships in the silica-rich region of the

system studied up to 350* at a presbure of 40 kbar (Fig. 401). A curve from

Yoder [10] also is presented in the, figure. Nickel hydrosilicates of differing

compositions have been synthesized. Garnierite (chrysotile) 3NiO. 2SiO2 -

2H 20 was obtained by D. Roy and R. Roy [8]. Noll ",nd Kircher [6], Caillere

' [3, 41 and others. Ni-sepiolite 3NiO" 4SiO2 nH2 0 (41, Ni-talc 3NiO. 4SiO2 . HO,
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Ni-pi m elite 3NiO. 4SiO2. H2 0 and Ni-serpentine 3NiOQ 2SiO2 * 2H20 also

have been obtained. Prikhod'ko and colleagues [2j synthesized NiO" SiO2 "

2.42H20 under hydrothermal conditions and Feitknecht and Berger [5],

5NiO. 8SiO2" 8H 20. Nickel hydrovilicates also have been studied by Spangenberg

[9], Alekseyeva and Godlevskiy [1] and others.

slto

H0 8 MfO -0
Fig. 400. Coexisting phase triangles of NiO -- SiO2 -2-

H20 system (from D. Roy and R. Roy); T. talc; F. forsterite; j
S. serpentine; B. brucite.

20 I

2M0 4CO topO
i. .C

Fig. 401. Conjectural phase relationships in NiO -- SiO --

H2 0 system in silica-rich region, at temperatures up to-
950* and pressures up to 40 kbar (from Pistorius).

Key: a. Kbar d. Bunsenite
b. Pim elite (variable e. Quartz

composition) f. from Yoder
c. Talc
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SUPPLEMENT •

Na20 -- CaO -- SiO

(_) Shahid and Glasser [4] have obtained the high-silica compound Na 2 0.

CaO. 5SiO2 , rhombic crystal system, with space group P21 2 12 a = 7. 74,

b = 9.83, c = 13.88 A; Nm = 1.545, Ng-Np = 0.007, with density of 2. 619 2

3
g/cm , undergoing a reversible polymorphic transformation at 7200.

Shahid and Glasser [5] have studied the high-silica region by the quench-

ing method. A section found here, distinguished by low melting temperature,

is in the primary crystallization field Na 2 0" CaO" 5SiO2 and 3Na2 0. 8SiO2 . The

latter melts incongruently, with formation of sodium disilicate and liqaid, and

not silica and liquid, as was mentioned by Williamson and Glasser [6].

There are three eutectic points between the fields: NCS5 , NS2 and N3 S8

(7750); NCS5 , N3 S8 and quartz (7550); and N3 S8 and quartz (788*); they contain

the following amounts of Na 2 0, CaO and SiO2 (weight %), respectively; 24.4,

3.6, 72.0; 22.0, 3.8, 74.2; 27.2, 0.0, 72.8. There are four peritectic points

among the fields: NC 3 S8, NCS5 and quartz (1•27*); NC 3 S6 , NC 2 S3 and NS2

(7850); NC 3 S6, NCS5 and NS2 (7850); and NS 2 and N3 S8 (7930); they contain

Na 2 0, CaO and SiO 2 in the following amounts (weight %), respectively:
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19.0, 6.8, 74.2; 9,5.4, 5.4, 69.2; 25.0, 5.4, 69.6; and 26.2, 0.0, 73.8.

Akhmetov and colleagues, by crystallization of the corresponding glasses

U [2] or hydrothermally [1], obtained a new ternar; compound Na 2 0. CaO. 2SiO2

(Na 2 caSi 2 0 6 ) in the cubic crystal system, ao - 7.48 ± 0.01 A, density 2. 87

g/cm" and Nm = 1. 585.

Upon heating, Na 2 O0 CaO" 2SiO2 apparently changes into a tetragonal

modification, which, in the opinion of the authors, Kr$ger and Blamer [3]

obtained, erroneously taking it for Na 2 0. CaO" 3S.0,.
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MgO -- CaO -- SiO 2
Hatfield and Richmond [1] have studied the solubility of monticellite

(CaMgSiO4 ) in forsterite (Mg 2 SiO4 ), using a reflecting microscope on quenched

samples. In earlier investigations, when the X-ray radiographic method was

used, an overstated concentration of the dissolved monticellite wLs obtained.

According to Hatfield and Richmond, the limiting solution at 15000 contains

9 weight J and, at 17000, 4 weight jo of monticellite (from Ricker and Ocborne,

28 weight % at 1500%, from Z.Lggar and O'Hara, 19 mole % at 14900).
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vanek and Kanclir [41 have studied the thermal breakdown of merwinite

3CaO. MgO. 2SiO2 . Upon heating in vacuum, the breakdown is accompanied by

formation of C 2CaO SiO2 and, in air, cr' 20aO SiO2 .

Spencer and colleagues [5] shovad that the solubility of CaO in magnesium

oxide depends on the silica conte-.At in mixtures anneaied at 18000. Silica can

occur in the form of monticell•ce, merwinite or calcium silicates. With a

constant SiO. conte-nt, the solubility of CaO in pericalse (MgO) i'icreases in

proportion to increase in the CaO/SiO2 ratio (see table).

CaO CONTENT IN SOLID SOLUTION OF PERICLASE vs.
NATURE AND AMOUNT OF SILICATE PRESENT IN THE BATCH

4r amCCT~.%D COaep-.v~auze CaO

_______ a_____ .19 a rW ;0. aep;IoMI C 0MR SI ot Pu m aa, see. vI.

0.5 ClS 0.69 98.58 0.73 0.10
0.25 C:..NIS2 t.03 98.24 0.73 0.22
0.5 CS 1.37 97.90 0.73 0.30
0.5 C-S 2.04 97.23 0.73 0.75
/.to CMSS 1.35 97.23 1.42 0.10
0.,, Cc3.MS 2  2.31 96.57 1.42 0.30
1.0 C2S 2.69 95.89 1.42 0.52
1.0 Cr3S 3.98 94.60 1.42 1.46

Key:

a. Additive, moles
h. Composition, weight %
c. CaO content in periclase solid solution,

weight %

Henney and Jones [3] found that the 3mount of calcium oxide dissolved

in periclase increased in proportion to adaition of 2CaO" SiO2 to magnesium

oxide, and reached 0. 8 weight % at 17500.
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.equilibrium with the melt, contains calcium oxide in solid solution.

Spencer and Coleman [6] studied sintering of magnebium oxide (1400-

18000), to which small (0. 5 and 10 mole %) amounts of forsterite, monticellite,

merwinrte, calcium silicates and CaO were added. In the first half iiour at

all =mperatures, consolidation of the magnesium oxide took place, but addition

of silicates hampered consolidation with further exposure.
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SrO -- BaO -- SiO2

Fields and colleagues [1] obtained the ternary compound BaSrSi3 0 3 ,

melting congruently at 1325 ± 150. Limited solubility was found in the

Ba 2 SiO4 -- Sr 2 Si0 4 profile: 70 mole % Sr 2 SiO4 in Ba2 SiO4 and 5 mole %
Ba2SiO4 in Sr 2 SiO4 at the eutectic temperature. In the metasilicate profile '1

at the eutectic temperature of 1210 ± 15% 40 mole % SrSiO3 dissolves in

BaSiO3 and 20 mole % BaSiO3 in SrSiO3 .
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i Li2 0 -- ZnO -- SiO2,

Lam [1] found the compound 2Li 2O0. 4ZnO. 3SiO2 and limited solid solutions

in the orthosilicate section. At 900, 5 mole % Zn 2 SiO 4 dissolves in Li 2 ZnSiO4

and from 62 to 72 mole % Zn2 SiO4 dissolves in 2L!20 4ZnO- 3SiO2 .

West and Glasser [2] studied completely the partial system Li 4 SiO 4 --

Zn2 SiO4 , by quenching and differential-thermal analysis.

.) The compound Li 2 ZnSiO4 melts congruently at 1472 ± 20%. The eutectic of

this compound andZn 2 SiO4 , containing 84 ± 4 mole % Zn 2 SiO4 , melts at 1340

200. Zn2 SiO4 -base solid solutions do not form. The authors assume four

modifications for Li 4 SiO4 , with transition temperatures of 608, 666 and 7240.

A Li 4 SiO4 -base solid solution forms, up to a content of approximately 18 mole
4

016 Zn2 SiO4 (900-9501).

Two types of solid solutions were found in the central part of the diagram:

phases y and P, with some fields of homogeneity. Phase 8 apparently

forms on a base of the compound Li 2 ZnSiO4 , and it consists of two modifications,

widh a transition point of 6500. The y phase, adjacent to the P phase,

-xtends in the Li 4 SiO4 direction. It h s thrze polymorphic forms: (11 (high-

temperature), y1 and

The authors established a more zinc oxide-rich rhombic C phase, with

so-me region of homogeneity. It is proposed that the "ideal formula" of this

* phase corresponds to the compound Li Zn6 Si5 0 20 or Li6 Zn5 Si4 0 1 6 .
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West and Glasser [2], besides stable ones, plotted mnetastable phase

diagrams of the Li 4 SiO4 -- Zn2 SiO4 system. The first was obtained at a rate

C) of cooling from the melt or from the solidus temperature of 2-20 per minute

and the second, at a rate of 50-500° per minute. In the metastable diagram

(cooling at 2-20° per minute), a new phase D figures, which apparently is

some variety of solid solution, based on the low -temperature modil. -ation of

Li4 sio 4.
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Na 2 0 -- ZnO -- SiO2

Belokoneva and colleagues [1] have studied the crystal structure of

Na 2 ZnSi2 0 6 , called zinc chkalovite. The parameters of the rhombic cell of

S) this compound are a= 21. 503 ± 0.05, b- 7.120 ± 0.02 and c - 7.400 "
0.002 A. With a density of 3.1 g/cm , a uit parallelipiped contains eightu

formula units.

Joubert-Bettan and colleagues [2] assume that Na 2 ZnSiO4 is a derivative

of the rhombic f Na 2 Fe 2 0 4 . The authors think that Na 2 ZnSiO4 is the first

compound which can be treated as a hexagonal diamond structure.
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CaO - ZnO - SiO2

Eysel and Hahn [1] have studied the stabilizing effect of zinc oxide on the

polymorphic modifications of 3CaO" SiO 2 . The authors consider that the mono-

clinic forms MII and i occui in two iorms a and b. With increase in amount

of ZnO, the modifications are stabilized in the following sequenc. z: Ti, TH,

Mib, Mm1b and R (see page 106 for designations).
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BaO -- ZnO -- SiO2

The system has been studied by Segnit and Holland [1]. Five ternary

compounds have been found and described, with the mole ratios BaO: ZnO:

SiO2 , 1:1:1, 1:1:3, 1:2:2, 2:1:2, 2:3:3. 50 invariant points are presented in

the triple phase diagram, and six of them are eutectics, one of which, with a

( ) minimum melting temperature of 1100%, has the composition 41.7 weight 76

BaO, 17.0 ZnO and 41.3 SiO2 .
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Na20 -- CoO -- SiO2

Lacy and Pask (1) present a likely phase diagram of the partial system

CoO -- Na 2 0. 2SiO 2, which is of the simple eutectic type.

The eutectic contains 40 mole % CoO at 630*.
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CaO -- CoO -- SiO2

The system has not been studied completely. Lapin and Solovova [1]

have synthesized cobalt akermanite Ca 2 CoSi2 0 7 from a mixture of CaCO3 ,

Co(NO3 ) 2 and SiO2 " H210. Its melting temperature is 12850. It forms a

continuous series of solid solutions with magnesium akermanite Ca 2 MgSi 2 0 7 .

Cobalt akermanite is uniaxial and negative; the indices of refraction are

No = 1. 680, Ne = 1. 668. Tb: glass has N = 1. 690. A distinct pleochroism

along No is blue and alone Ne is violet. These same authors have shown

experimentally that manganese and nickel akermanitescL nnot be synthesized in

pure form, but MnO (up to 4.65 weight %0) and NiO (up to 9. 75 weight 16) can

be incorporated in the composition of magnesium akermanite.
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Li 2 0 -- A12 0 3 -S- i0 2

Tscherry and Laves [31 have obtained a colorless monocrystal of • eucryptite,

with a diameter of more than 20 mm, from a melt of the composition (weight %):

4 46.4 eucryptite, 29.2 LiF, 10. 3 AIF 3 and 14. 1 V20 5 . The mixture was fused

(0.5 hour) at 1200%, then cooled (0. 5-1. 0/hour) to 10100. The crystals are

hexagonal bipyramids and, rarely, prisms.
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Li Cbi-tang [1] has studied the structure of Li,.A12 Si3 0 1 0 , one of the I
members of a solid solution with the high-temperature quartz structure. The

basic structure is a skeleton, consisting of 6 and 8 member rings, with the

lithium atoms located in the cavities. He also [2] showed the mechanism of

reconstructive (with breaking of chemical bonds) transition of the high-tempera-

ture phase of LiAlSi 2 0 6 (see p. 212) into the kitite form.
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Na 20 -- Al 203 -- SiO2

Grundy and Brown [2,3] have accomplished a high -temperature (up to

850°) X-ray study (powder and monocrystal methods) of natural and of a large

number of synthetic albites, obtained by prolonged (up to 3000 hours) crystal-

lization of glasses at 500-1000* and elevated pressure. The authors discuss

the effect of "order-disorder" transitions on the unit cell parameters.

Grundy and colleagues [41 have shown that "high" albite becomes mono-

clinic at about 9300. Eberhard [1] and Stewart and colleagues [5-7] also have

been occupied with the structural investigations of albite at elevated tempera-

tures.
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K2 0 -- Al203 - - SiO2

Yamaguchi (1) obtained &40. A12 0 3 . SiO2 , by annealing a mixture of

K2 0. A12 0 3 and SiO2 . There is a continuous series of solid solutions between

cubic K2 0" A12 0 3 . SiO2 and K2 0. A12 0 3 . These solid solutions are formed by

the action of K2 C0 3 vapors on mullite.
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BeO -- A12 0 3 -- SiO2

Bahat [11 has studied the kinetics of the hexacelsian-celsian transforma-

tion, proceeding from powders of various particle sizes. The transforma-

tion takes place slowly for powders with 0. 635 cm grains. If the powder is

g -ound to 200 mesh, the transformation is accelerated --nd takes place in three

stages: the first stage is controlled by the crystal growth rate, the second,

by both the rate of nucleus formation and crystal growth rate and the third stage

is controlled by the rate of nucleus formation. The crystal growth activation

energy in the first period is 20 kcal/mole.

-624-



9 BIBLIOGRAPHY

1. Bahat, D., J. Mater. Sci., 5, 9, 1970, p. 805. [

MgO -- AI2 0 3 -_ SiO2  £

Langer and Schreyer [1], proceeding from pure cordierite glass (2MgO.

2A12 0 3 " 5SiO2 ), by means of crystallization of it at 9800, obtained a metastable

solid solution, designated as "high quartz. " The maximum amount of this

product was obtained in 50 min, and an increase in the amount of "high cordierite"

then took place. For transformation of "high cordierite" into "low cordierite,"

a temperature of 14000 and prolonged exposure was required. The authors

(9 demonstrated the fruitfulness of using infrared spectroscopy for study of

cordierite polymorphism.

For characterization of the initial stages of structural transformations

from "high" to "low" cordierite, the authors prc'?ose introduction of a "width

index" W1/ 3 , which is a more sensitive X-radiographic parameter t han the

1)} "orderliness index" A usually used.

Zeck [3] thinks that it is advisable to use the Kq'1 reflections, observed

in X-ray difraction images for a more detailed characterization of the order-

liness of cordierite.

Schulz and colleagues [2] have obtained a new compound of variable

composition MgO" AI 2 0 3 * xSiO2 , where x = 3-4, hexagonal crystalsystem with

the high -teperature quartz structure.
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+ 0
CaO -- AI 2 0 3 -- SiO2

Thermal expansion of monocrystals of anorthite CaAl 2 Si2O 8 over a wide

temperature region has been studied [1], by means of a new, improved

Siemens diffractometer. A decrease in volume was observed from 20 to 240°,

and then an increase (up to 15000). At 300%, the volume of anorthite became

equal to its volume at room temperature. In the 20-1000° temperature region,

the average coefficient of thermal expansion was ( = 11" 10-. An increase

- in temperature causes a change in the monocLinic lattice from primitive to

body-centered.
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SrO -- Al 203 -0- Si0 2

Reid and Ringwood [1] have shown that SrAl2 Si2 0 8 is converted into a

new, dense phase, at a pressure of 100-120 kbar and 9200, having a tetragonal

hollandite structure, with six-fold coordination of silicon and aluminum. Tie

composition of this compound differs from the initial one, and it has the

formula Sr Al 2 Si4 . 2 xO8 , where x is cluse to 2. 75. The unit cell parameters

area= 9.32 andc 2.72A.
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BaO -- Al 2 0 3 -- SiO2

Semler and Foster [2] have given a new version of the section included A

in the "celsian -- silica -- alumina" triangle. Compared with the diagram

proposed by Toropov and colleagues, the mullite field is decreased and the

celsian field is expanded, a. result of which celsian and silica became co-

existing phases. In the sect± u of the triangle being discussed, there are two

invariant points: a eutectic among the celsian, silica and mullite fields, contain-

ing 19 weight % BaO, 15 A12 0 3 and 66 SiO2 # melting at 1296 t 30, and a re-

action point among the celsian, mullite and alumina fields, with a temperature

of 1554 ±: 40, containing 26 weight 16 BaO, 27 A12 0 3 and 47 SiO 2 . Triple solid

(7) solutions were not found.

Reid and Ringwood [1) have shown that BaAl 2 Si 2 0 8 is transformed into

a new dense phase at a pressure of 100-120 kbar and 9000, having the tetragonai

hollandite structure, with six-fold coordination of silicon and aluminum. The

composition of this compound diffei-q from the initial one, and it is expressed

kJ by the formula BaxAl 2 xSi4 2x 0 8, where x is close to 0. 75. The unit cell

parameters area= 9.41 andc= 2.72A.
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EuO -- A12 0 3 -- SiO2

"Jaffe [1] has synthesized three divalent europium aluminosilicates,

EuAl 2 Si 2 0 8 (isomorphic with SrAl 2 Si 2 0 8 ), Eu2 Al 2 SiO 7 and Eu6 Al 1 8 ,Mi2 0 3 7,s

having structures similar to the corresponding strontium compounds. The
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initial materials were Eu2;03, AI(OH) and SiO2. Annealing was carried out

in silica or alumina crucibles, in an atmosphere of NH3 or a mixture of H2

) and N at 1250-1350. A small region is introduced in the triple

diagram, surrounding the compound EuAl 2 Si 2 0 8 , although the author does not

introduce any indications of solid solutions.

The substances obtained are phosphors, activated by divalert europium.
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CaO -- GeO2 -- SiO2

( ) Eysel and Hahn [2], studying the partial system Ca 2 SiO4 -C- a2 GeO4

by the differential-thermal analysis method, found that continuous solid solutions

are formed in both the high-temperature region ( a' solid solution) and in the

low-temperature (below 7250) regions (y solid solution). Limited solid solutions

are formed adjacent to dicalcium silicate, not only based on the c(' modification

of Ca 2 SiO4 , but based c 1 the metastable i5Ca 2 SiO4 .

Eysel and Hahn [1] have studied the partial system 3CaO S -- 3CaO.

GeO2 : they also found complete compatibility here and th•y confirmed the re-

sults of Boykova, Toropov and Vavilonova, concerning the polymorphic forms

of tricalcium germanate.

The authors showed that a small number of foreign ions can stabilize

various high-temperature modifications of 3CaO- GeO2. The effect of ZnO was

studied in special detail.

Pure 3CaO" GeO2 is thermodynamically unstable below 13350.
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BaO -- TiO2 -- SiO2

Berberova and colleagues [1] have studied the fusibility diagram (crystal-

lization surface) by the drop point method (noncrucible fusing) described by

Molokhovich and colleagues [2]. They took the temperature at which drops of

the melt broke away from the sample as the melting temperature.

In the central portion of the triple diagram, there are fields of BaTiSiO5 , 4

BaTiO3 , Ba 2 TiO4 , Ba2SiO4 and BaSiO3 . Three triple eutectics: 1. off

BaTiO3 , Ba 2 SiO4 and Ba 2 TiO4 (14500); 2. of BaTiO3 , BaTiSiO5 and Ba 2 SiO4

(12450); and 3. Ba 2 S1O 4 , BaSiO3 and BaTiSiO5 (12860), contain , respectively:

57.0, 46.0 and 54.0 mole % BaO, 41.0, 30.0 and 7.0 mole % TiO2 and 2.0,

24.0 and 39.0 mole % S.O2.

The BaTiO3 -- BaSiO3 section is not a stable section (these compounds

do not coexist). Reactions take place among them, leading to formation of

BaTiSiO5 (barium sphene) and Ba 2 SiO4 . rhe BaTiSiO5 -- Ba 2 SiO4 section

also is not stable. The reaction BaTiSiO5 + 2BaTiO4 - Ba 2 SiO4 + 3BaTiO3

takes place here. Coexisting compounds are BaTiO3 + Ba 2 SiO 4 and BaTiSiO5 +A

Ba 2 SiO4 .

Robbins [5], in study of the BaTiO3 -- SiO 2 system, obtained the compound

Ba 2 TiSi2 80, which, by optical, crystallographic and X-ray data, corresponds

"= to the natural mineral fresnoite, described by Alfors and colleagues [3]. The

natural mineral is in the tetragonal crystal system, with space group P4/mbn
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(or P4bm), a= 8.52, c =5.21 A, c /a 0. 6115, experimental density 4.43
3, 3No=177,N-1.75

g/cm3, calculated 4.45 g/cm ; Z = 2, uniaxial (-), No = 1.775, Ne 1.765,

and it is pleochroic from colorless to yellow. Monocrystals of 2Bao. TiO2 "

2SiO2 were obtained by heating a mixture of BaCO3 , TiO2 And SiO2 a; 1425'

and cooling at a rate of 30 per hour (see also [4]).

The authors demonstrate that BaTiSiO5 , barium sphene, was not obtained

synthetically, but that, actually, the compound 3a 2 TiSi2 0 8 always was formed,

with 4 X-ray photo cois ciding exactly with that which was ascribed to
"barium sphene. ' The BaTiO3 -- SiO2 system cannot be considered to be

binary.

The solubility of Ba 2 TiSi.0 8 in a melt of the composition 1BaO +- lTi.O +

1SiO 2 , somewhat enriched in titanium dioxide, is 86 weight % at 14000. The

congruent melting temperature of 1400% adopted by Reese and Roy for BaTiSiO5 ,

actually is the point at which the compound Ba 2 TiSi 08 begins to crystallize

from the melt. Robbins found little solution of TiO2 in Ba2TiSi2 0 8 .

()
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Cr 2 O 0 TiO2 -- iO

Berezhnoy [1], on the basis of his studies, notes that ternary compounds

kJ and triple solid solutions are not formed in the system. It was shown that,

up to 16270, Cr 2 Ti 2O07 coexists with silica. A large region of immiscibility

of the liquids i.s assumed.
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FeO - - TiO2 - - Si0 2

region at 11300 and various pressures. The follow-.ng three phases

are in equilibrium

at atmospheric pressure (the compatibility triangles are being considered):

1. FeO (Wistite) +- Fe 2 Si0 4 + F e 2 TiO,4 ; 2. Fe.SiO4 + Sio 2 + Fe 2 TiQ4 ;

3. Fe 2 TiO4 + 5i0 2 4+ FeTIO 3 ; 4. FeTiO 3 + Si0 2 t FeTi2O 5 ; 5. FeTi2 O 5 +

5i0 2 + TiO2 .

An increase in pressure causes the following reactions: at 10 kbar,

2Fe 2 TiO4 t SiO2 =2FeT'iO 3 + Fe 2 SiO,4 and FeTi 2O05 =FeTiO,3 4- TiO,2:

at 20 kbar, F ,2 Si0 4 + SiC)2 = 2FeSiO 3 ;' at 30 kbar, Fe 2 TiO4 = FeTiQ 3 +-

FeO.
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Na 2 0 -- ZrO2 -- SiO2

Sircar and Brett [1], using sealed platinum ampules, found that all ternaryC) compounds found in the system -- Na2 0. ZrO2 Sio 2 , 2Na 2 0" 2ZrO2 3SiO2 and

Na 2 0" ZrO2 2SiO2 -- melt incongruently at 1480, 1545 and 1460-1500%,

respectively, forming ZrO2 and liquid. All of these compounds occur in the

zirconium dioxide field.

The authors introduce a diagram in which seven fields are observed

(not considering the small sodium silicate fields): ZrO2 , Na 2 ZrO3, Na 2 0.

ZrO2 " SiO2 , 2Na 2 0. 2ZrO2 3SiO 2 , Na 2 0. ZrO2 2SiO2 , ZrSiO4 and SiO2 .

The three invariant peritectic points among the NZ -- NZS -- Z, NZS --

I ) N2 Z2 S3 -- Z and N2 Z 2 S3 -- NZS 2 -- Z fields contain, respectively: 38. 5,

43.0 and 32.0 weight Jo Na2 0; 36.0, 14.0 and 7.0 weight 16 ZrO2 ; 25.5,

43.0 and 61.0 weight 6 SiO2 and have temperatures of 1380, 1446 and 14500.

The authors were the first to draw the contours of the zircon field,

which is located nlong the silica field, in the form of a narrow ribbon.

The liquidus temperature in the very large zirconium dioxide field•.exceeds 1700°% with a ZrO content of more &,Lan 70 weight 01.

The triangulation carried out showed that ZrO2 coexists with all three

ternary compounds; zircon coexists with Na 2 0" 2SiO 2 , Na 2 0. 3SiO2 and Na 2 0-

ZrO2 .2SiO3 ; the compound NZS coexists with, beside ZrO2, Na 2 0- ZrO2 ,

2Na 2 0* SiO2 and Na 2 0. SiO2 .
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HfO2- ZrO2- SiO2

Ranakrishnan and colleagues [2] have investigated the breakdown of it

zircon ZrSiO4, occuring in a solid solution with hafnium silicate HfSiO4 .

Spectrally pure ZrSiO dissociates into ZrO2 and SiO2 at 16770, according to

Bitterman and Foster [1]. ZrSiO4 , occuring in a solid solution with HfSiO4 ,

increases its stability: dissociation of zircon is decreased with increase in

HfSiO4 content in the solid sclution.
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ThO2 -- ZrO2 -- SiO 2

Rarnakrishnan and colleagues [1] have found 4 mole 16 ThSiG4 dissolves

in zircon ZrSiO4 at 16300. T£ was found that dissociation of zircon is facilitated

by the presence of ThSiO4 . The effect of ThSiO4 on dissociation of ZrSiO4

is opposite to the effect of HfSiO4 .
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Fe 04 -- ZrO2 -. SiO2

Jones and colleagues [1], in the process of investigation of the quaternary

system FeO -- Fe 2 3 -- ZrO2 -- SiO2, studied the partial system iron oxide --

ZrO2 -- SiO2 in air, and they plotted a diagram for it which is a projection
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i I
of the liquidus surface, with the zirconium dioxide, zircon, magnetite,

tridymite and cristobalite phase fields and isotherms for temperatures from

1450 to 26000 plotted on it. The spinel phase (magnetite) contains a little
7

ZrO2 , in the form of a solid solution. There are two "piercing points."

This terrr, is used here to designate the intersections between the four liquidus,

monovariant curves and the oxygen isobaric surface (Po2 = 0.2 atm). Since

the oxygen pressure was fixed beforehand in this case, one degree of freedi3m

was eliminated and, therefore, the compositions of all phases are fixed, as

in a true invariant situation. The "piercing points" are characterized by the

following equilibrium phase associations: 1. at 1425', spinel, silica (tridymite

or cristobalite), zircon and liquid of "composition (weight %) 76Fe 3 0 4 ,

1OZrO2 and 14SiO2 are in equilibrium. . at 14380, spinel, zircon, zirconium

dioxide and liquid of the composition 74Fe3 0 4 , 17ZrO. and 9SiO2 . Moreover,

the invariant situation at 16600 is characterized by an equilibrium association

Sof silica, zircon, zirconium dioxide and liquid of the coml osition 47Fe30 4 .

- 2SZrO2 and 30SiO2 , and a second liquid of the composition 5Fe3 0 4 , 4ZrO2

and 91SiO4 .
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Y2 0 3 -- -IO 2 -- SiO2

Grebenshchikov and Parfenenkov have studied the phase diagram of the

partial systems HfO2 -- Y2 SiO5 111 and HfO2 -- Y2 Si2 0 7 (21 (quenching, using a i

molybdenumvacuum furnace at 28000 and the differentiai-thermal method).
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In both systems, a HfO 2-base monoclinic solid solution contains about

2.5 mole 16 of he corresponding yttrium silicate as a limit, at 17000. A

Stetragorl solid solution is observed above 19000. The cubic solid solutions

contain from 17 to 47 r, I e 0 Y2Si5 (index of refraction changes in this case

from 1. C17 to 1. 946) and from 21 to 48 mole J6 Y2 Si2 0 7 , respectively, under

normal conc4itions, with expansion of this region upon increase in temperature;

the index of refraction changes here from 1. 880 to 1. 900.

The eutectics of the cubic solid solutions and yttrium silicates contain

82.5 mole % Y2 SiO5 (18000) and 87.5 mole % Y2 Si2 0 7 (16000), respectively.
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ZnO-- V20 3 -- Si' 2

Turne and colleagues [1] have studied the partial system ZnV2 0 4 --

SiO2 in the subsolidus region (heating of mixtures of the extreme members

in a sealed quartz tube). Formation of a limited solid solution based on

ZnVo2 4 , expressed by the formula (1-x)ZnV2O 4 2xSiO2 , was found. In the

limiting solid solution at 1000%, x 0. 055. With decrease in temperature,

salubility of SiO2 decreases.
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CaO -- Nb -- SiO2

Jongejan and Wilkins (2] have studied the system with the aid of a heating

k microscope. One ternary compound l0CaO. Nb2 0 5 6SiO2 , niokalite, having

its field on the diagram, has been found.

In a study, Jongejan [ 11 demonstrated that the compound 3CaO- Nb2 05

does not ex'st, and he proves the formation of 4CaO. Nb 2 0 5 , 5CaO" Nb 2 0 5 and

1 1CaO" 2Nb 2 0 5 . These compounds, together with the previously determined

CaO. Nb2 0 5 and 2CaO" Nb20 5 , have their fields on the triple diagram.

Five peritectic points in the calcium oxide-enriched region, with the

temperatures indicated below, have the compositions (weight %): 1790%,

among the CaO, C 3 S and C1lN2 fields; 54.5 CaO, 34.5 Nb 2 0 5 and 11.0 SiO2 ;

17350, among the C3 S, C1 1 N2 and C5 N fields: 50. 5 CaO, 38. 5 Nb2 0 5 and

l1SiO2 ; 16450 among the C 2 S, C 5 N and C4 N fields: 48 CaO, 42 Nb 2 0 5 and

10 SiO2 ; 15050, among the C3 S, C2 S and C4 N fields: 44CaO, 44.5Nb2 0 5

and 11. 5SiO2 ; 1400%, among the C2S, C4 N and C 2 N fields: 41.5CaO, 46Nb 205

- ) -nd 12. 5SiO
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BaO -- Ta2 0 5 -- SiO 2

Shannon and Katz [1] obtained the compound 3BaO. 4SiO2 - 3Ta2 0 5

(Ba 3 Si 4 Ta6026) by a complex route, initially synthesizing Ba 3 Si 4 Ta60 2 3

(heating a mixture of BaO, Ta 2 0 5 and tantalum metal in a sealed, evacuated
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quartz tube), with subsejuent oxidation of it (heatir.g in air at 10000). The

compound obtained has hexagonal symmetry, with ur't cell parameters

a a_8.99 ± 0.01 andc - 7. 79 ± 0.01 A. 'I
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CaO-- Fe20 3 -- Si0 2

Strictly speaking, this system is not a three-component one, since a

magnetite (Fe30 4 ) field, containing divalent iron, occurs in it. There is a

) hematite field in it, as well as fields of calcium silicatej(CaO" SiO2, 3CaO.

2SiO2 , 2CaO. SiO2 and 3CaO- SiO2 ) :,nd calcium ferrites (CaO. 2Fe20 3 , CaO"

Fe 2O 3 and 2CaO" Fe 2 0 3 ). In the region adjacent to silica, there is an extensive

region of immiscibility of the liquids.

The partial system CaO. SiO2 -- 2CaO- Fe 2 0 3 has been studied by

Iwase and Nishioka [8], who treat it as a simpie eutectic (eutectic is 11850,

45 weight % CaO" SiO2 ); however, Burdick [2], in a study of the triple system,

showed that the CaO" SiO2 -- 2CaO" Fe 2O 3 section intersects the field of

dicalcium silicate and the compound 3CaO" 2SiO2 .

The eutectic easiest to melt (11920) among the 2CaO" SiO2 , CaO" Fe 2 0 3

and CaO. 2Fe2 0 3 fields has the composition 7. 5 weight 6 SiO2 , 66 Fe 2 0 3 and

26.5 CaO.

The question of ternary compounds in the system has remained obscure

up to the present time. Thecompound CaFe2 SiO6 , described by Kohlmeyer [9],

apparently does not exist, although solid solutions between this compound and

other mete ýilicates, diopside, for example, are observed.
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Hansen and Bogue [4], studying the concentration fields between di and

tricalcium silicate and calcium ferrites, also reject this compound.

At a pressure of 20 kbar and 9000, the garnet andradite Ca 3 Fe 2 (SiO4 ) 3

forms; it also probably can be obtained in the metastable state, according to

Ito and Frondel [71, from coprecipitated gels of the appropriate oxides, by

heating at 9000.

Huckenholz and Yoder [5] have obtained the garnet andradite, starting

from glasses of this composition or mixtures of wollastonite and hematite.

Tests were carried out in sealed platinum tubes in the presence of PtO2,

used as an oxygen source, or under hydrothermal conditions in the presence

~ ) of hydrogen peroxide.

In air, andradite, having an index of refraction of 1. 887 ± 0.002 and

a = 12. 056 ± 0.003 A, is stable up to 1137 ± 50 when it dissociates into

wollastonite and hematite. In an oxygen-rich atmosphere and at a pressure of

30 kbar, andradite is stable up to 15100.

•: ) The authors present phase diagrams of the partial system CaSiO3 --

Fe 2 0 3 , at pressures of 1, 5, 10, 15 and 20 kbar (in the presence of oxygen),

from which it is evident that the stability of andradite from 11500 (at 1 kbar)

increases to 13650 at 15 kbars, and ,at this garnet melts congruently at

14280 and 20 kbar.

Hugill [6) proposes the existence of a rhombic, pyroxene-related phase,

called "mellorite, " formed by the action of slags containing calcium ferrites

on Dinas brick (a type of silica refractory brick).

Fletcher [31 has studied the solubility of Fe 2 0 3 in tricalcium silicate

3CaO. SiO2 at 1400-1500°. The author considers the solid solution formed tobe

a series 3CaO" SiO -- "3CaO. Fe203" (hypothetical compound). The solubility

limit at 14000 is 1. 5 mole Jo "3CaO" Fe 2 0 3 " or 1.05 weight % Fe 2 0 3 . The
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author assumes that the substitution takes place according to the scheme:
2+ 3+ + 3+3Ca W43e3  and 6Sf - 6Fe .To balance the charges of the ions,

O part of the Fe 3-is located in the interstices.
The system has been studied by Phil~ips and Muan [11.

A phase diagram of the triple system was presented by Berezhnoý, [1),

and it also is in the handbook of Levin and colleagues [10].
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FeO - - Fe 2 O03 - - 5i0 2

The relationships between these oxides should be considered as part off

the Fe -- Si -- 0 system. In the diagram of the FeO -- Fe2 O 0 - 5i0 system
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presented by Muan [3], two immiscible liquids, metallic iron and a silicate

melt, occur next to wustite.

z In the regions adjacent to silica, a large area of immiscibility of liquids

is observed, with a critical temperature of 16980. According to Gibbon and

Tuttle [2], liquation is preserved under hydrothermal conditions., In the

partial section Fe 3 0 4 -- SiO2 , studied by Muan, liquation is observed at a

silica content of from 26 to 94 weight %, with a critical temperature of 16700.

A eutectic with a minimum melting temperature (11400) was formed by

the Fe 2 SiO4 , Fe 3 0 4 and SiO2 phases, and it contains 35 weight % SiO2 ,

1 1Fe 2 0 3 and 54FeO; iron metasilicate FeSiO3 is not observed in an atmosphere

Berezhnoy [1], who presents a triple diagram, proposes that a garnet

F e32 F e23 (SiC)) should exist at very high pressures.
3 2 4,3
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Na 0 NaF SiO2

In investigation of the crystallization of glasses, Willgallis [1] has

roughly studied the partial triple system Na 2 SiO3 -- Na 2 Si 2 0 5 -- NaF.

A previously undescribed effect of transformation of sodium metasilicate was

discovered. The system behaves as a simple eutectic, without formation of!I
new compounds.
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CaO -- CaF2 -- SiO2

Gutt and Osborne [11 have studied the partial system 3CaO" SiO2 -- CaF 2 ,

in which the compound (3CaO SiO2 )3 " CaF 2 exists. There is a two-phase field

(3CaO. SiO2) 3 CaF CaF2 in the 1120-1I00° range; the compound being

discussed occurs in combination with liquid in the 1175-1120o range. Above

11750 and below 11000, the compound (3CaO" SiO2 ) 3 CaF 2 is not observed.

The compound (3CaO" SiOC2 ) 3 CaF 2 has a small field, surrounded by

the fields of the solid solutions 3CaO" SiO2 , 2CaO" SiO2 , CaF2 and CaO, in the

phase diagram of the partial triple aystem CaO -- 2CaO- SiOc2 -- CaF 2 . The

four eutectics existing here have melting temperatures between 1113 and 1175?

Heiman and Franke [2] have studied the reaction between Sic 2 and a melt

of CaF 2 +- CaCl 2 . Initially (at 840-860%), metastable pseudowollastonite is
formed. Subsequently, under conditions of a high fluorine content, cuspidine

is formed.
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Na 2O -- SiO2 -- H20

Three new natural sodium hydrosilicates have been found in Magadi

(Kenya): magadfite NaSi7 0 1 3 (OH) 3 " 3H 2 0, kenyatite NaSi 1 10 2 0 .5(OH). 3H 2 0
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and makatite Na 2 Si 4 0 9 5H 20 or Na5I 2 03(0H)3" 120. The first two minerals

have been described by Eugster [2]. The author points out that they are well-

L) cr- , -Lalized lamellar silicates, with a large basal interplane distance.

Makatite has been characterized by Sheppard and colleagues [4]. The

mineral is in the orthorhombic crystal system, with unit cEul parameters
A3;

a = 16.840± 8, o = 10.256 + 4, c 19. 146 ± 7A, V- 3. 3069 + 1.5 A3

the indices of refraction Ng - 1. 487 ± 0.001 and Np - 1. 472 ± 0.001.

A differential-thermal analysis curve has been obtained, with strongly

endothermic effects at 80, 100 and 1850, extensive endothermic effects at

530 and 8100 and an extensive exothermic effect at 6750.

S - Ryskin [1] has investigated the structure of some sodium hydrosilicates,

on the basis of infrared spectroscopy data.

Freund [3] and colleagues presents the results of study of sodium hydro-

silicates by proton magnetic resonance.

Williams and Dent-Glasser [5] have i'-vestigated the position of the

hydrogen atoms in the compound Na 2 0. SiO2 * 6H20, with the aid of neutron

diffraction.
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MgO -- SiO 2 -- H20

Khitarov & colleagues (2] have investigated equilibrium transformations

in the system at high temperatures and pressures 'rom thermodynamic data.

Over a broad range of temperatures and pressures, tnermodynamic calculations

of the following reactions were carried out: T + 3B - 2Sp (I), Sp + B = 2F 4

3V(I), 5Sp -6F-- T +9V(III), T 5B = 4F± 6V(IV), T + B =2E + 2V
{V), T-J-F 5E+-V(VI), B + E -F±V(VI), B 6E-2F T(VIII)

(Sp is serpentine, T is talc, F is forsterite, E is enstatite, B is brucite and

V is H20).

£'he authors calculated a series of equilibrium phase boundaries in the

. MgO -- SiO2 -- H2 0 system, on the basis of a critical, comprehensive

selection of thermochemical data of the minerals. A P-t diagram of the phase

relationships in the system, plotted froin thermodynamic data~is presented,

as well as a schematic P-t diagram, showing the stability fields of the mineral

associations vs. temperature and pressure. The authors point out that, of all

the equilibria established, only 8 are stable from thermodynamics considerations;

only three are encountered and recorded in nature: Sp + B = 2F -+3V (II),

5Sp = 6F -- T + 9V (III), F t T - 5E - V (VI).

Khitarov and colleagues [3] and Korytkova and Makarova [1] have

investigated the serpentinization process. Electron microscopic studies of

synthetic and natural chrysotile have been carried out [4]. Sclar and

Carrison (7] have studied the dependence of serpentine stability on pressure,

with limited temperatures. Scarfe and Wyllie [61 also have investigated the

7• behavior of serpentine under various conditions.
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MgO -- H2 0. The phase equilibria ..n the MgO - - H 20 system

have been investigated by Yamaoka and colleagues [5], at temperatures from

500 to 14500 and pressures from 5 to 40 kbar. The authors present a P-t

curve of +he equilibrium between brucite, on the one hand, and periclase and

water vapors on the other. The curve passes through the points 8100 and 10

kbar, 9450 and 20 kvar, 10000 and 32 kbar and 9750 and 40 kbar. Extrapolation

of this curve to lower pressures agrees with the data of other investigators,

who used the hydrothermal technique. The authors also present data on tile

growth of brucite crystals at high pressure.
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CaO - SiO2 -- H2 0

In study of the CaO -- SiO2 -- H2 0 system at the present time, the

principal attention is given to study of the structure and structural singularities
I

of both individual phases of the system and of their analogs. Belov and

colleagues [1, 16] and Butt and colleagues [2] have synthesized monocrystals
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of calcium hydrosilicates hydrotherma.ly. Tha structure of the hydrosilicate

__ of composition 6CaO" 3SiO * H2 0 (Y phase or dellaite) has been studied [4].

Monocrystals of this hydrosilicate have been obtained by hdrothermal

crystallization in the Na 2 0 -- CaO -- SiOC2 -- H20 system [1, 12, 13, 161. The

structural formula of phase Y is Ca 6 (Si 0 7 ) (SiO4 )(OH), triclinic crystal

system, unit cell parameters a = 6. 85, b = 6. 95, c = 12.90 A, C -- 900451,

97 0o201, y = 980151, Z = 2C 6 S3 H. Works of Dornberger-Shiff and

Organova [5], studying rustamite, Taylor and collieagues [141 on thaumasite,

a calcium hydrosilicate with SO4 (CO3 ) groups in the structure, Marnedov and

colleagues [6], on calcium hydrosilicate and their ai-dogs, .'ebinder and

colleagues on the role .3f chemical condensation in the processes of hydro-

thermal transformations of tobermorite-like calcium hydrosilicates, also have

been devoted to study of -he structural singularities of calcium hydrosilicates.

The correlating work of Ryskin Structure and Infrared Spectra of Acid Silicates

[7] also concerns the calcium hydrosilicates Ca 2 (HSiO4 )" Oil 1W -hydrate),

' Ca 3(HSiO 4 ) 2 " 2H 2 0(afwillite), Ca 3F 2 (HSiO4 )2 22H20, 11.3 A-tobermorite.

Nikol [19] presents new dita on The composition and thermal dehydration

of nekoite.

Sereda and colleagues 18 ] have investigated the microstructure of calcium

hydrosiicates .)y the electron microscope and X-ray methods. The authors

have studied the n.zrphological and microstructural changes over time of

hydrated tricalcium silicate pastes. A large amount of work has been devoted

to -study of hydration of 3CaO. SiO 2 , the kinetics and the mechanism of this

process and investigatiou of the hydration products [9, 15, 17, 18, 21, 22]. One
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"of the structural singularities of the calcium hydrosiJicates is their capacity

Sfor isomorphic substitutions [10, 11]. An exhaustive bibliography on this

question has been presented by Taylor [20].
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ALPHABETICAL INDEX OF SYSTEMS
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AI '0'LL-SO 110so 622 BoO-BaO--SiO2 79Nf,;.-Si, HEBeO-SrO-SiO 2

A1',,0-MgIO-Sa0i2  253, 625
A120,--M_ SI 310A10-N' 2 -50 22Z2 CaF,-A1203-Si0 2  516
AI)-NAI IV;---, -') 55CaF 2-CaO-siog 505, 640
A1 2 0-Ndp 3,---S0 2  303 CaF,-KF-SiO. 520
A1.O 3-N~b---sio, 323 raF2-NaF--Si0, 520
"xlO1,-lo"--siO. 460 CakF2-NaO--SiO, 520
A1,Or-tbo--sio' 0 CaO-AI,03 -SiO, 272, 625a
A12(1-SrF.-5Si0 516 (;aO-B203 -SiO 2  191
'u. s(i.-r-SiO2  8,65 Cao-BaO-SiO2  86
Al2 O-Ii-i1 9 CaO-CaF.-SiO2  505, 640
A) O-Y 2O -Si() 301 (CaO-Cr.S,-Sifo2  2
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AI,' -ZrO.-i. 42 CnO-FtO --.siO, 152

C:' F 2 3 -SO 636
Cao-GeO12-siO 362, 627

%I~ fy-s 3 (t 201 Cao-11.0 568
1;:( lla() -'ii) 195 CaO-H 2;0-sio, 558, 643

j3.)~(~ ~ 191 cao-K 2 (--s~i% 40
I~O:It4)~i) 182 CaO-l'a2()3 -SiO, 334
B2 .~~1i)~188 Ca-L 2 --Si0 2  28

O-i~.CaO-MgO-Sio, 46, 616
fl~:.*1',-4'iOCao-MUO-SiO 2  132

Jim t,4 ShO29 203 CaO--N.1.O-siOz 30, 615
11Th hrit) stO. 200 CaO-Nl,.2 Q---SiO, 635

11!. ~ 0'~O~ 516 CaO-Nd2O3 -SiO' 342
S1 1 513 sa- i()io 2  7

IlaF:-NaF-Si02 520 cao-SrO-siO, 464
In-A10-i 2  286, 626 cosoc%6
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Cao -TrtOs-- SiO2 469 ;Gk'I, I.-. io, 606
CaO- TtU,-S-i4) 387 -POi~r. 462
CRO-Y Y2 3-SiO 2  329 Gd"03 - DyQ-i 350
Ca -ZnO-5i0 2  105, 621 Ge6,'-.A12 O3 -Sio± 372
CaO-ZrO.--Si0 415 6c02,-T~aU-Si 02 368
CaS-C'a0- i0 2  529 fl4,0-Cao--sio. 362, 627
CoOl-L'i() Si() 339 Ge').-Li.O-Si()s 358
Cc.O 3-La 2O1 biSOZ, 341 C'-0-SQ 359
Cc2,O3-Li.O-Si() 339 GeO -Nd.O,-Si(-) 374
CCiOs-Nd6O a03c.. 342 GeO;-NiO-SiO, 376
Ce 2O 3- Sit 340 G O-PbO-SiO. 375
ZoO-AJ0 3 SiC) 32 GZ0,-,Sc 0 --SiU 372
CoO-FC304 SiOt 498 C~O-Srb-Si 0 367
CoO-IH' Sio. 611 icl 2I-Y 0 -qi.- 373
CoO-AMnO SiOf 173 4cO.-Z o--371
CuO-No..0 SiC) 621 0CO.371I CoOYb~03 Si~2 354
COO-Zrj2SO. 2~ 438 11.0-AI 203 4,11 601

Cr,20 3 -AI 2 0 3 -SIO: 306 1H0-A],1 0 2 Si02  593
Cr 20 3 -CaO SiO3 476 IIO-Ba0-SiOl 591
Cr.0 3-Fe3 O, SiC)2 482 IH2 0-C*aO 338 568
Cr2 03-M,0 -OSiO2- 473 IL0--Coo--Si()o 61
Cr 2O,-Tli02-SiOz 630 1 ~-r~~ j) 608
CrO,-ZrO.- SiC)2 4352

11,0-- X20--siOl. 543

D1 -G 2 1 4~0,350 _12 -MNgO 550, 643DyO-G2O,, H.)-Mg10--siOl 545, 642
1l0~oMn0;-Siq42  608 -

Er,0 3-y 2 02 -sjo 2 351 1,.-N 2 -SiJ 533, 640
Eu0--AI2 0-SO 'I366J.ON--i 2  612

11"'o-40,577
FcO-A 3SC 1 11.4) -SrSiC)2
V4 Ž0---C;1it) 5,0 152 l11'i-5zro-sid. ga
FPO-Fl, 0 '-Sio. 638 606~
FOFc-.v%;*So "i 530 H,0/.r02 .i0 2 . 606I Fco--K 0 'Si0. 142 434,Y03 Si 633

FPO-Mn($' Sio ta

Fco--M a.1--*SiO. 138 520

FPO-Zn) ,i go. 1.63 F-f zSi 520I
F I ,M0, SlO, 317 IFMr'-i. 520

F,-(#,C.o--ic 636. 237, 624

FPO, -1.( 608 K-I-i4142

20-%496 K4-1,0-3. 4

Fe2 03- b- K'Ozi 10 -

Fe-0 4-CoO-Sio 2. 498 K 0-M&).-Si~ol 13

-:F'--SiO 53K0tfO50 100I

530I
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L~e1).~-Cd0 Al P.1,i0'fgO)-Si0;, 165
.'1d 0 gol. -~~ 334L Iu-g.-8 2I .i -rnY~ S0~ 349 Nhti0- -Nsw.A--Sif).. 126
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Li, /r) ~z0,403Na10-Fc0--Si0. 138

,Na,0--F-Fe0 '-Sib 486
~I~F-M0-~0516 Ni,3~-11,0)Si02 533, 640
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)1(), NaO-O 439 V*(),-Zr()..-SiO. 437
1, o -- P'bb-sio.. 463

P 0 zio-so;V 20 3-Zli0-Si0 2  634
Pto'-Aj,,0-'S102  304
PbO--Bfl0,-SiO. 203 V'41-Zl,±o--Sio, 466
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